
4544 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 31, NO. 6, NOVEMBER 2016

Impacts of Strategic Bidding of Wind Power
Producers on Electricity Markets

Mohsen Banaei, Majid Oloomi Buygi, Member, IEEE, and Hamidreza Zareipour, Senior Member, IEEE

Abstract—In this paper, the impacts of strategic bidding of a
wind power producer on electricity markets are studied. To this
end, the strategic bidding of a wind power producer is investigated
under the following three schemes: 1) the wind power producer
sets its generation power while other producers set their supply
functions, 2) the wind power producer sets its supply function and
so do other producers, and 3) the wind power producer teams up
with a non-wind generating firm and the aggregated firm sets its
supply function and so do other producers. Supply function equi-
libriummodels are used to determine the strategic behavior of gen-
erating firms at market equilibrium. Illustrative numerical results
are provided.
Index Terms—Wind generation, strategic bidding, market equi-

librium.

ABBREVIATIONS

Firms
NGF Non-wind Generating Firm
WPP Wind Power Producer

Schemes
GP scheme Generation Power scheme
PT scheme Price-Taker scheme
SF scheme Supply Function scheme
WN scheme Wind and Non-wind coalition scheme

Others
ISO Independent System Operator
KKT Karush-Kuhn-Tucker
MCP Market Clearing Price
PDF Probability Density Function
SFE Supply Function Equilibrium

I. INTRODUCTION

W PPs are moving towards strategic participation in com-
petitive electricity markets. Several ISOs across the

world have mechanisms to allow WPPs to bid in competitive
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electricity markets, such as NYISO, MISO, PJM, and ERCOT
[1]. Most recently, the Alberta electric system operator initiated
a pilot project to explore the opportunities and challenges of
having wind generators participating in the market [2]. Fol-
lowing the pilot project, WPPs in Alberta, Canada, are given
the option to submit offers to the market since April 1, 2015.
The unpredictable nature of wind power may cause imbal-

ances between scheduled generation and consumption. Hence,
electricity markets with large-scale wind power integration re-
quire more reserve to cover balancing issues. Consumers are
usually responsible to pay for the cost of balancing power. How-
ever, in some power systems, WPPs are charged for balancing
costs to encourage them to further invest in wind energy fore-
casting [3]. Thus, there is a cost for the uncertainty associated
with wind power, which may impact wind generators' strategic
behavior.
Several studies have been reported in the literature on the

strategic behavior of WPPs. The literature mainly, focuses on
determining the optimal values of price or quantity of WPPs'
bids in the short-term. In [4], stochastic programming is used to
generate optimal bidding strategies for wind and conventional
power producers in both energy and reserve markets. Reference
[5] proposes a probabilistic methodology for estimating the eco-
nomic impact of wind prediction errors on the costs of wind en-
ergy. In [6], it is shown that WPPs can increase their revenue by
optimally bidding in both energy and reserve markets; accord-
ingly, part of wind power variations is diverted into the system
reserve, reducing the need for additional reserve required to bal-
ance short-term variations of wind power.
References [1] and [7]–[13] compute the optimal strategy of a

strategic WPP. In [7], the WPP is considered as a price-taker in
day-ahead market and as a price-maker in balancing market. In
[8] interval optimization is used to find optimal bidding strategy
of a joint WPP and hydro station operation in day-ahead
electricity markets. Impacts of forming coalitions between
renewable power producers on uncertainty reduction, market
power, and strategic bidding of renewable power producers in
day-ahead electricity markets are studied in [9]. Reference [10]
proposes a mixed-integer linear program to find the optimal
bid of a WPP as a price-maker in both day-ahead and real-time
markets. In [11] optimal bidding strategy of a WPP in intraday
markets is investigated through a stochastic optimization
problem considering the uncertainty of balancing prices and
intraday market price. In [12], the WPP is considered as a
price-maker in day-ahead market and as a deviator in balancing
market. In [13], the WPP is strategic in both day-ahead and
balancing markets. In [1], the WPP acts strategically in both
day-ahead and real-time markets. Proposed models in [1]
and [13] consider uncertainties in wind-power productions,
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demand, and rivals' offers by identifying a possible set of
scenarios.
The contributions of this paper are as follows. In this paper a

mathematical equilibrium model for electricity markets with a
strategic WPP is presented. A new scheme for strategic bidding
of WPPs in electricity markets is proposed. In this scheme, the
WPP teams up with a NGF and the aggregated firm participates
in electricity markets as a single strategic firm. To improve the
accuracy of wind generation uncertainty modeling, an approach
for incorporating historical wind power forecasts data in uncer-
tainty modeling is proposed. The impacts of strategic behavior
of a WPP under the proposed scheme and under the schemes,
which are introduced in [14], [15], are compared. Finally, the
influences of balancing prices, teaming up with different NGFs,
operation cost, load level, price elasticity of load, load uncer-
tainty, and transmission congestion are assessed.
References [1] and [7]–[13] modeled the bidding strategy of

a WPP using mathematical programming with equilibrium con-
straints (MPEC). However, the present paper presents an equi-
libriummodel for electricity markets with a strategicWPP. This
model is an equilibrium problem with equilibrium constraints
(EPEC). In other words, [1] and [7]–[13] solve the problem from
the viewpoint of a WPP, whereas this paper solves the problem
from the viewpoint of the market regulator. The significance of
this model is that it enables market regulators to study the im-
pacts of strategic bidding of WPPs on electricity markets and
promoting desirable frameworks for strategic participation of
WPPs in electricity markets.
The remainder of this paper is organized as follows: In

Section II, the main assumptions and the required background
are reviewed. SFE under the proposed schemes for strategic
bidding of WPPs is modeled in Section III. Modeling uncer-
tainty is discussed in Section IV. To determine the impacts
of strategic bidding of WPPs, case studies are presented and
analyzed in Section V. Finally, conclusions are presented in
Section VI.

II. ASSUMPTIONS AND BACKGROUND

A. Assumptions and Problem Definition
In this paper, a day-ahead pool electricity market with

strategic NGFs is considered. Transmission constraints are
ignored to avoid the impacts of transmission constraints on
strategic behavior of WPPs and consequently on generality of
the final results. However, we have discussed how transmission
constraints could be integrated in the model. It is assumed that
each generating firm offers a linear supply function to ISO.
The ISO determines power generation dispatch quantities and
market price by maximizing the social welfare considering
generation constraints. It is assumed that each generating firm
is responsible for unit commitment of its generators. Hence,
unit commitment constraints such as minimum up/down time
limits, ramp rate limits, and maximum/minimum energy limits
are ignored in the ISO optimization. Accordingly, the ISO can
maximize social welfare for each hour independently. Here,
we focus on one hour of the next day (e.g., peak load). We
assume that applicable market rules allow WPPs to participate
in energy market strategically and allow coalition between
a WPP and a NGF. Note that this may require changes to
existing market structures, and may not necessarily be the case
in today's market rules.

B. Overview and Methodology
Suppose that a large-scale WPP is added to the power grid. In

order to study the impacts of strategic bidding of the WPP, it is
important to know the bidding strategies ofNGFswhen theWPP
behaves strategically. Tomodel the strategic bidding of theWPP
and NGFs, it is assumed that the market has approached its Nash
equilibrium. Since supply function model is less sensitive to its
parameters thanCournotmodel and since it represents the reality
of electricity markets better than Cournot and Bertrand models
[16], linear SFE model is used to determine the strategic bid-
ding of generating firms atmarket Nash equilibrium. Linear SFE
gives an acceptable approximation of market behavior [17], and
thus, linear SFEmodel is used here. In real-lifemarkets, stepwise
supply functions are used [12]. Incorporating such functions are
not within the scope of the present work.
The study horizon is amedium-term horizon, i.e., one or a few

months in the future. The impacts of strategic bidding of theWPP
are assessed at the Nash equilibrium of themarket under the pro-
posed schemes. To improve the accuracy of wind generation un-
certaintymodeling, historicalwind power forecasts data are used
to identify the possible future scenarios of wind power. Wind
power uncertainty ismodeled by considering possible future sce-
narios ofwindpower generation. In the presentedSFEmodel, the
WPPdetermines its bidbymaximizing its expectedprofit over all
wind power scenarios. Since the power imbalance resulting from
wind power uncertainty is covered by balancing units, NGFs do
not observe wind uncertainty. Hence, NGFs determine their bids
by maximizing their profit in a deterministic environment. De-
terministic SFE model is reviewed in the next subsection.

C. Deterministic SFE Model
Consider a uniform electricity market, i.e., one price applies

to all transactions across the market and thus, price is not loca-
tional-based. Suppose the marginal cost of NGF is

and the marginal utility of consumer is
, where and are generation power of firm

and consumption power of consumer respectively. Each firm
submits a linear supply function, ,

to the ISO. It is assumed that the slope of supply function of
firm , is constant and equal to the slope of its marginal
cost. The objective of the ISO in day-ahead scheduling is to de-
termine MCP and firms' generation powers by maximizing the
social welfare. The ISO's social welfare optimization problem
is shown as below:

(1)
(2)

(3)

where is social welfare, is the capacity limit of firm
is the set of generating firms, and is the set of consumers.

On the other side, the goal of firm is to determine the param-
eter to maximize its profit. The optimization problem of firm
can be modeled as follows:

(4)

(5)
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where is the profit of firm and is the MCP. SFE problem
can be formulated by the set of coupled bi-level optimizations
(4)–(5) for every . An approach to solve these coupled
bi-level optimizations is to replace the inner-level optimization
problem, i.e., (5) or (1)–(3), with its KKT optimality condi-
tions, and then solving the KKT optimality conditions of the
outer-level optimization problems together, i.e., (4) subject to
KKT conditions of (5) for all firms. By replacing the inner-level
optimization problem with its KKT conditions and simplifying
it, the profit of firm can be written as a quadratic function of
with negative second derivative, as follows [18]:

(6)

where is the number of all NGFs, is a vector which
consists of the bids of all NGFs, , and
and are vectors which consist of the dual variables
of upper and lower generation limits respectively. The elements
of matrix vectors and , and scalars

and depend on the parameters of marginal cost of
the NGF i.e., and , and the slope of the bid functions of
the other NGFs i.e., , and are defined in Appendix A.
In fact, is the sum of intercepts of demand functions. SFE
model consists of the KKT conditions of the outer-level opti-
mizations of all firms. The SFE model can be simplified as fol-
lows [18]:

(7)
(8)
(9)

where the elements of matrix vectors
, and depend on the coefficients of marginal cost func-

tions of firms and marginal utility of consumers and are defined
in Appendix A. By solving (7)–(9), the SFE, i.e., ,
is computed. In [18], it is shown that the optimal strategy of
firm at SFE of the proposed electricity market model does
not depend on the bids of bound firms at the SFE. A bound
firm at SFE is a firm that one of its generation limits is active
at the SFE. Hence, bound firms at the SFE must be identified
and eliminated from SFE model, i.e., (7)–(9). An algorithm for
computing probabilistic SFE is presented in [18]. The algorithm
can be easily used for computing deterministic SFE assuming
there is only one scenario for uncertainty. At each stage of this
algorithm, (7)–(9) are solved. The largest dual variable associ-
ated with generation limits is identified and the related firm is
omitted. Omitting a firm means fixing its output power at its ac-
tive limit and subtracting its active power generation limit from
the load. This process continues until all bound firms are iden-
tified, omitted, and SFE is computed.

III. ALTERNATIVE SCHEMES FOR STRATEGIC
BIDDING OF THE WPP

In this section, the market's SFE is modeled under the pro-
posed schemes for strategic bidding of the WPP. Wind uncer-
tainty is modeled by considering possible scenarios in the study
horizon. Suppose are the wind
power of different scenarios associated with probabilities of

. In the following subsections, first, the
WPP is modeled as a price-taker firm and then it is modeled as
a strategic firm under the proposed schemes.

In real time, wind power generation is most likely different
from the value considered in day-ahead scheduling. It is as-
sumed that the ISO covers the imbalance using a balancing
utility. The balancing utility has some flexible loads and gen-
erating units. These units are called balancing units and are able
to increase or decrease their generation. It is assumed that con-
sumers are charged for balancing cost in the price-taker scheme,
whereas the WPP is charged for balancing cost in the proposed
strategic schemes. To explain how the WPP pays the balancing
cost, suppose is scheduled generation power of the WPP
for the understudy hour in the first or second proposed strategic
scheme. is determined by the ISO in day-ahead scheduling.
Suppose scenario happens in real time. The produced wind
power in real time, , is different from the scheduled wind
power, in day-ahead market. It is assumed that the bal-
ancing utility and the WPP have contracts with the ISO in the
strategic schemes. Based on these contracts, if the WPP pro-
duces greater than its scheduled power in the day-ahead market,
the balancing utility reduces its generation power by

and pays to the WPP for every that the WPP
produces for balancing utility. is called positive balancing
price and is less than the MCP. If theWPP produces less than its
scheduled power, the balancing utility increases its generation
power by and receives from the WPP for
every that balancing utility produces for theWPP.
is called negative balancing price and is greater than the MCP.
This can be considered as a penalty mechanism for the WPP to
force it to improve its wind power estimations. The balancing
cost for the WPP is defined as follows:

(10)

A. The WPP Behaves as a Non-Strategic Price-Taker Producer
This scheme is referred to as PT scheme. In this scheme, the

WPP does not behave strategically and receives market price for
producing every energy. Hence, the WPP can be consid-
ered as a negative load in the SFEmodeling. Therefore, SFE can
be modeled by replacing with in (7)–(9).
Where , is the expected value of wind power over dif-
ferent scenarios.

B. The WPP Sets Its Generation as a Strategic Producer
This scheme is referred to as GP scheme. In this scheme, the

WPP takes part in the day-ahead market as a strategic market
player by submitting to the ISO the value of generation power
that it is willing to produce. It is assumed that the ISO accepts
the whole proposed generation power of the WPP. Other gener-
ating firms bid their supply functions to the ISO. The SFEmodel
under the GP scheme is presented in Appendix B [14].
Study of this scheme in [9] and [19] showed that it may

not lead to increase of competition since generation power of
WPPs is intermittent. Hence, two other schemes are proposed
and compared with the GP scheme in this paper.

C. The WPP Sets Its Supply Function as a Strategic Producer
This scheme is referred to as SF scheme. In this scheme, the

WPP takes part in the day-ahead market as a strategic market
player by submitting a supply function to the ISO. The SFE
model under the SF scheme is presented in Appendix C [15].
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D. The WPP Joins a NGF and the Aggregated Firm Sets Its
Supply Function as a Strategic Producer

In this scheme, the WPP teams up with a NGF and the ag-
gregated firm participates in electricity market as a single firm.
This single firm is referred to asWN firm and this scheme is re-
ferred to as WN scheme. The WN firm submits a linear supply
function to the ISO. The slope of its supply function is equal to
slope of marginal cost of the joined NGF and its intercept is de-
termined such that the profit of the WN firm is maximized. The
goal of the coalitions here is to reduce theWPP's balancing cost,
omit uncertainty from electricity market, and reduce the neces-
sary regulating reserves. The expected profit of the WN firm is
equal to:

(11)

where is the profit of the WN firm at scenario . Sup-
pose is scheduled power of the WN firm in day ahead
market, is the maximum power of the WPP at scenario
without wind power spillage, is generation power of the
joined NGF at scenario and is the maximum capacity
of the joined NGF. In this scheme, it is assumed that if the WN
firm overestimates its generation capability and it is dispatched
in day-ahead market more than its generation capability in real
time, it is charged for balancing cost. However, if the WN firm
underestimates its generation capability and it is dispatched in
day-ahead market less than its generation capability, its excess
generation will be spilled. Therefore, It is assumed that 1) if

, wind power is spilt so that and
, 2) if wind power

is not split i.e., and , and
3) if ,
and the WN firm is charged with balancing cost for

. Suppose that , and are sets of sce-
narios in which ,
and , respectively. is equal to:

(12)

(13)

(14)

Using step function the expected profit of the WN firm can be
formulated as below:

(15)
where and

, and and
. Parameters and and can be written as

below:

(16)
(17)

(18)

Using (15), the WN firm can be considered as other NGFs.
Note that both parameters and change in different
scenarios. However, the slope of bid function of the WN firm
is constant and equal to . To complete the model, matrices

, and , for other firms, can be calculated using for-
mulas given in Appendix A assuming . For the WN
firm, matrices , and are defined for each subset
of scenarios, i.e., for , and using formulas given in
Appendix A considering (16) and (17). Let use subscript j to de-
note these subsets. Hence, matrices , and are
defined for . Moreover, since and consequently

have different values in different scenarios in (see
(28) and (31) in Appendix A), subscript is used for and
it is shown as .
Considering above-mentioned definitions and Appendix A,

(7)–(9) can be rewritten as the following equations:

(19)

(20)
(21)

The SFE is computed by solving (19)–(21) using the pro-
posed algorithm in [18]. Solving this model is more straightfor-
ward and easier than solving all KKT conditions of the bi-level
optimizations of generating firms.
Considering transmission constraints in the equilibrium model
does not lead to a straightforward model like the one presented
in (19)–(21). However, considering transmission constraints is
not a complicated issue. To model transmission network, DC
power flow equations and line flow limits are added to the ISO's
optimization, i.e., (1)–(3), as constraints. KKT conditions of
the ISO's optimization are considered as constraints in the op-
timization of each power producer given in (4)–(5). Solving
the KKT conditions of optimization problems of all power pro-
ducers gives the equilibrium point.

IV. UNCERTAINTY MODELING

In this section the medium-term study horizon is modeled
using two different approaches called single and multi-equilib-
rium approaches.

A. Single-Equilibrium Approach
In this approach, it is assumed that the only available in-

formation about wind generation is the PDF of wind speed
over the study period. Based on the PDF of wind speed in
study horizon and wind turbines power curves, wind power
generation is modeled by a set of scenarios. These scenarios
cover the whole range of wind power generation and are
referred to as medium-term scenarios. Market equilibrium is
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computed assuming the WPP maximizes its expected profit
over medium-term scenarios. In this approach one market
equilibrium is computed for the whole medium-term horizon.
This approach is referred to as single- equilibrium approach.
In more detail, after determining medium-term scenarios, SFE
under the WN scheme is computed using (19)–(21). SFE under
the GP and SF schemes can be computed using (7)–(9). Pa-
rameter of (7)–(9) of the GP and SF schemes can be computed
using the formulas given Appendices B and C respectively.

B. Multi-Equilibrium Approach

In practice, power producers change their bids every day.
Power producers use wind power forecasts to determine their
bids accurately. In medium term study, wind power forecasts
are not available. However, if historic data of wind power fore-
cast is available, market equilibrium and consequently behavior
of power producers can be modeled more accurately. Assume
wind power historic forecasts are available. In other words,
assume that PDFs of error of wind power forecast are available.
In this approach, it is assumed that every medium-term scenario
is realized considering its probability. The wind power of each
medium-term scenario is considered as the forecasted value for
wind power. Forecasts of wind power have error levels that
may vary depending on forecast horizon. Based on the historic
data of wind power forecast, a Normal PDF is assigned to wind
power generation of every medium-term scenario considering
wind generation level and time duration between forecasting
and operation [5]. Some scenarios are defined around each
medium-term scenario based on the associated Normal PDF of
wind power in short-term. These scenarios are referred to as
short-term scenarios. Market equilibrium is computed for each
medium-term scenario assuming the WPP maximizes its profit
over the associated short-term scenarios. In this approach,
one market equilibrium is computed for each medium-term
scenario. This approach is referred to as multi-equilibrium
approach. More specifically, after computing short-term sce-
narios for each medium-term scenario, SFE under the WN
scheme is computed for each medium-term scenario using
(19)–(21). Under the GP and SF schemes, SFE can be computed
using (7)–(9). In this approach, after computing SFE for each
medium-term scenario, expected value of each market variable
over all medium-term scenarios is computed.

V. NUMERICAL SIMULATIONS

In this section, the proposed schemes for strategic bidding of
the WPP are applied to a 100-generator test system. The test
system consists of 6 NGFs with a uniform electricity market.
NGFs 1 to 6 have 28, 16, 8, 18, 15, and 15 generating units
respectively. The marginal cost function of each NGF is com-
puted by aggregating the marginal cost functions of its gener-
ating units. A linear marginal cost is fitted to the aggregated
marginal cost of each NGF. Parameters of the aggregated mar-
ginal cost functions of the NGFs and their generation limits are
given in Table I. Each NGF offers a linear supply function to
the ISO. The total demand of the market is 20 . Suppose a
WPP with the capacity of 4 is added to the system, which
leads to a wind penetration of 15.68%. It is assumed that wind
speed at the WPP site has a Weibull distribution with scale pa-
rameter equal to 10 m/s and shape parameter equal to 1.8. It is
also assumed that the WPP has an overall turbine power curve

Fig. 1. Sampling wind power.

TABLE I
PARAMETERS OF NGFS

as presented in Fig. 1. Transmission constraints and price elas-
ticity of load are ignored here to avoid the impacts of transmis-
sion congestion and load elasticity on the results and assess the
pure impacts of strategic behavior of the WPP. The impacts of
transmission constraints, price elasticity of load, and other pa-
rameters that may affect the result are assessed in Section V.C.
The GAMSmathematical programming platform and the PATH
solver was used to solve the presented model in (19)–(21).

A. Single-Equilibrium Approach
In this section, the impacts of strategic bidding of the WPP in

medium-term are studied assuming the only available informa-
tion about the wind is the PDF of wind speed over the study
horizon. In order to define medium-term scenarios, a simple
sampling method using PDF of the wind speed and the wind
turbine power curve is presented in Fig. 1. In order to have
medium-termwind power scenarios, or wind power samples,
one sample is taken from the zero power section of wind turbine
power curve, one from the maximum wind power, and
samples between these two values. The probability of each

medium-term scenario is computed using wind speed PDF. In
Fig. 1, the probability of eachmedium-term scenario is specified
with the related hatched area. Based on the sampling method,
20 discrete values for wind power generation and the associ-
ated possibilities are determined for medium-term scenarios. In
this study, positive and negative balancing prices are adopted
from [20]. Based on [20], and

. In determining balancing prices it is assumed that
MCP is constant and equal to the MCP of the PT scheme. Dif-
ferent values are assumed for in the available literature (e.g.,
0.2 in [21] and 0.9 in [22]). In this paper it is assumed that

.
MCP, profit of the WPP, profit of NGF 6 that joins the WPP

in the WN scheme, total balancing cost, and consumer price for
the proposed schemes are given in Table II. For theWN scheme,
sum of profits of the WPP and NGF 6 is given in Table II. In
the PT scheme the WPP is considered as a negative load and
balancing cost is paid by consumers. Since in the PT scheme
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TABLE II
SIMULATION RESULTS OF SINGLE-EQUILIBRIUM APPROACH

balancing cost is not taken into account in the WPP's cost func-
tion, whereas it is considered in the cost function of the WPP in
strategic schemes, the computed MCP from social welfare op-
timization does not include the balancing cost in the PT scheme
despite the strategic schemes. For the sake of fair comparison,
in the PT scheme balancing cost is prorated to total consump-
tion and is added to the MCP. This modified price is considered
as MCP in the PT scheme.
In Table II, comparison of the MCP for different schemes

shows that the MCP of every strategic scheme is less than the
MCP of the PT scheme. The SF scheme has the least MCP
among the strategic schemes. The reason is increase of competi-
tion in the SF scheme due to increase of number of competitors.
The GP scheme has the highest MCP among strategic schemes.
The reason is that the control variable of the WPP in the GP
scheme, i.e., its generation power, is uncertain and consequently
its strategic behavior does not increase the competition as well
as other strategic schemes. MCP in the WN scheme is heigher
than the MCP in the SF scheme. The reason is that although the
WPP has strategic behavior in the WN scheme, number of com-
petitors in the WN scheme is less than number of competitors
in the SF scheme.
As Table II shows profits of the WPP in every strategic

scheme is less than its profit in the non-strategic scheme due to
paying balancing cost in the strategic schemes. Hence, the WPP
is reluctant to participate in the strategic schemes. In order to
encourage the WPP to participate in the strategic scheme, a sup-
porting tariff is defined for the WPP to be compensated for its
loss in the strategic schemes in comparison to the PT scheme.
According to this supporting tariff, in a strategic scheme, the
difference between the profit of the WPP in the PT scheme and
the strategic scheme is paid to the WPP by consumers. This
value is referred to as wind support cost. In the WN scheme,
the supporting tariff is applied to the aggregated WPP and
NGF firm. Considering this supporting tariff, consumer price is
computed by prorating wind support cost to total consumption
and adding it to the MCP. In the PT scheme, supporting tariff
is zero and consequently consumer price is equal to the MCP.
Based on Table II, wind support cost in the WN scheme is less
than other strategic schemes which indicates strategic behavior
of the WPP through the WN scheme leads to the least reduction
in its profit in comparison to other strategic schemes. Hence,
consumer prices in the WN scheme are less than other schemes,
as shown in Table II.
Comparison of the balancing costs for different schemes in

Table II shows that strategic behavior of the WPP decreases the
absolute value of balancing cost and consequently the required
regulating reserve especially in the WN scheme. In strategic
schemes the WPP is responsible to pay for balancing cost.
Strategic behavior of the WPP with the purpose of increasing
its profit leads to decrease of balancing cost. In the WN scheme,

TABLE III
SIMULATION RESULTS OF MULTI-EQUILIBRIUM APPROACH

NGF 6 covers the power imbalance of the WPP as much as
possible and the aggregated firm is charged for rest of the
imbalance. This is why the absolute value of the balancing cost
in the WN scheme is considerably less than other schemes. In
the SF scheme the balancing cost is negative. This means the
optimal strategy of the WPP is to withdraw generation from
day-ahead market by increasing the intercept of its supply func-
tion and selling the extra power with balancing price. Selling
the extra power with the balancing price leads to negative
balancing cost.
In conclusion, strategic behavior of the WPP leads to de-

crease in theMCP, decrease in absolute value of balancing costs,
and consequently decrease in required regulating reserve in all
strategic schemes. It also leads to decrease in consumer price
in the SF and WN schemes even after charging consumers for
wind supporting tariff. Strategic behavior of theWPP in theWN
scheme leads to the lowest consumer prices and the least re-
quired regulating reserve.
Using the proposed supporting tariff for the WPP is not easy

in practice due to its complexity. In practice, supporting tariff
could be defined based on the annual forecast of theWPP's profit
in the PT scheme.
The WN scheme was applied to the IEEE 30-bus and IEEE

118-bus test systems. Similar results were extracted from those
case studies.

B. Multi-Equilibrium Approach
In this section, strategic bidding of the WPP is studied in a

medium-term horizon considering historic data of wind power
forecast. The 20 samples of wind power generation, which
were selected as medium-term scenarios in Section V.A, are
considered as wind power forecasts, and short-term scenarios
are defined for each medium-term scenario. Market equilibrium
is computed for each medium-term scenario and the expected
value of each variable over medium-term scenarios is com-
puted. Simulation results are given in Table III. Simulation
result of multi-equilibrium approach confirms the simulation
result of single-equilibrium approach, i.e., Table III confirms
that strategic behavior of the WPP decreases the MCP and
the absolute value of balancing cost in comparison to the PT
scheme.
When historic data of wind power forecast are taken into ac-

count, the uncertainty reduces considerably. Hence, the defect
of the GP scheme, which was uncertainty in control variable, is
improved. Moreover, when uncertainty drops, the WN firm be-
haves more like a coalition and leads to increase of the MCP.
This is why the MCP for the GP scheme is less than the MCP
for the WN scheme in multi-equilibrium approach.
Table III shows that strategic behavior of the WPP in the

WN scheme leads to the least supporting tariff and consequently
least consumer price in comparison to other strategic schemes.
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It also leads to the least absolute value of balancing costs and
consequently least level of required regulating reserve. Compar-
ison of Tables II and III shows that lower uncertainty leads to de-
crease in supporting cost, consumer price, and absolute value of
balancing cost and consequently the required regulating reserve
in all strategic schemes. Comparison of Tables II and III also
shows that as the uncertainty reduces, the proposed schemes
converge to similar outcomes.
It should be mentioned that although the price difference

between every two schemes is not significant, the differences
between the associated annual profits are significant. For ex-
ample, consider the SF and WN schemes in Table III. These
two schemes are similar, and the difference between their
consumer price is $0.17/MWh or 0.29%. MCP difference
between these two schemes is $0.86/MWh. Suppose this price
difference lasts for 10 hours per day, and assume that only 65%
of firm 1 is committed, on average, in these hours. Then firm
1 will gain $11.2/year more in the WN scheme than in the
SF scheme. If the uncertainties that are not modeled reduce the
profit difference to 50% of the computed value, firm 1 will gain
$5.6/year extra in the WN scheme than in the SF scheme,

which is still significant.

C. Impacts of Other Parameters

In this section, the impacts of parameters that may affect the
study are assessed. To keep the discussion concise, this section
focuses on the WN scheme and single-equilibrium approach.
1) Balancing Prices: In order to assess the impacts of bal-

ancing prices, the consumer prices and the supporting costs are
plotted against in Figs. 2 and 3 for the PT andWN schemes as-
suming different capacities for NGF 6. As Fig. 2 shows, higher
values of leads to the increase of consumer price in the PT
scheme due to the increase of balancing costs. As increases,
the WN firm withdraws its generation power from day-ahead
market to avoid paying expensive balancing cost in real time.
This leads to the dispatch of more expensive generators in day-
ahead market, and consequently MCP and consumer price in-
creases, as demonstrated in Fig. 2. In addition, increasing in-
creases the balancing cost and decreases the power of the WN
firm, which leads to decrease of its profit despite of increase in
MCP. Decreasing the profit of the WN firm causes an increase
in the supporting cost and the consumer price, as it is shown in
Figs. 2 and 3. The optimal value of depends on the costs of
balancing units and the market policies for penalizing WPPs to
control the uncertainty level. This would also impact the level
of required regulating reserves, which is beyond the scope of
this paper.
2) Teaming up With Different NGFs: In order to determine

which partnership leads to minimum consumer price, we have
investigated all possible coalitions between the WPP and every
NGF of Table I separately. It is assumed that the NGF partner
has an unlimited capacity and . Simulation results are
presented in Table IV.
In real-time, the WPP's partner should reduce its generation

power during the times that wind power generation is higher
than the forecasted value to avoid spilling wind energy. A low
marginal cost NGF partner loses more than a high marginal
cost NGF partner when reduces its generation power. There-
fore, paring with the higher marginal cost NGF leads to the
lower MCP and consequently the lower consumer price. Note
that marginal cost of a firm depends on its generation power.

Fig. 2. Consumer price versus .

Fig. 3. Supporting tariff cost versus .

TABLE IV
SIMULATION RESULTS WHEN THE WPP PAIRS WITH DIFFERENT NGFS

TABLE V
SENSITIVITY ANALYSIS OF CONSUMER PRICE VERSUS VARIATIONS OF

MARGINAL COSTS IN THE PT AND WN SCHEMES

In this case study, firms 5 and 6 have higher marginal costs in
their operating points in comparison with other firms. Therefore,
as Table IV shows, the market has the lower MCP and conse-
quently the lower consumer price when theWPP pairs with firm
5 or 6 in comparison to other firms.
3) Operation Cost: A sensitivity analysis is performed to

determine the sensitivity of simulation results to the parame-
ters of the marginal cost functions. To this end, all parameters
are increased by 5% while other parameters are constant, and

simulation results are computed for the PT and WN schemes.
The process is repeated for decreasing all parameters by 5%,
increasing all parameters by 5%, and decreasing all parame-
ters by 5% while other parameters are kept constant. Simula-
tion results of the sensitivity analysis are given in Table V. As
Table V shows, in all above-mentioned changes consumer price
in the WN scheme remains less than consumer price in the PT
scheme, i.e., the results are not sensitive to the parameters of
operation costs.
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TABLE VI
SIMULATION RESULTS FOR DIFFERENT LOAD LEVELS

TABLE VII
SIMULATION RESULTS CONSIDERING ELASTICITY OF LOAD

4) Load Level: In order to assess the impacts of load level,
the study is performed for a peak load, medium load, and off-
peak load, and the results are compared. In this study it is as-
sumed that medium load is equal to 16 GW, peak load is 125%
of medium load (20 GW) and off-peak load is about 70% of
medium-load (11 GW) [23]. Simulation results are given in
Table VI. Table VI shows that although at peak load andmedium
load consumer prices in the WN scheme are $0.9/MWh and
$0.65/MWh less than consumer price in the PT scheme, at off-
peak load consumer price in the WN scheme is $0.18/MWh
greater than consumer price in the PT scheme. This means al-
though the WN scheme in medium load and peak load is effi-
cient, it loses its efficiency in off-peak load.
5) Price Elasticity of Load: Price elasticity of load has been

considered in the modeling through and in (1). To assess
the impacts of price elasticity of load, it is assumed that we
have a load with MWh and MW h
which leads to elasticity of 0.1 around operating point, i.e.,

, which is reasonable in electricity
markets. The parameters of the elastic load are selected so
that consumer price remains constant in the PT scheme. Sim-
ulation results for the inelastic and elastic loads are given in
Table VII. Table VII shows that in the case that load is elastic
in comparison to the case that load is inelastic, MCP in the WN
scheme minus MCP in the PT scheme decreases by $0.2/MWh,
dispatched power of the WN firm increases by 0.24 GW, total
consumption increases by 2.2 GW, and consumer price in the
WN scheme minus consumer price in the PT scheme decreases
by $0.37/MWh. This means that the WN scheme is more
effective in the presence of elastic loads than inelastic loads.
6) Load Uncertainty: In order to take demand uncertainty

into account, first some scenarios for demand are defined based
on the PDF of demand. Suppose scenarios are defined for
possible values of load in the study horizon. Then, load
scenarios and wind power generation scenarios are com-
bined and wind-demand scenarios are defined and their
associated probabilities are computed. Market equilibrium
for WN scheme is computed using (19)–(21) by replacing
parameter with . The same process can be used for
other schemes. Suppose load has a Normal PDF with average
20 GW. Simulation results for the PT and WN schemes as-
suming standard deviation of load is equal to 1.5 GW and

TABLE VIII
SIMULATION RESULTS CONSIDERING LOAD UNCERTAINTY

TABLE IX
CONSUMER PRICE CONSIDERING TRANSMISSION CONSTRAINTS

0.5 GW are given in Table VIII. Simulation result shows that
the MCP, balancing cost, and consequently consumer price
decrease in the WN scheme in comparison to the PT scheme.
Therefore, performance of the WN scheme remains better than
performance of the PT scheme under demand uncertainty.
7) Transmission Constraints: In this study it is assumed that

we have a two area network. Area 1 has a 5 GW load and area
2 has a 15 GW load. The two areas are connected through four
parallel tie-lines. Two scenarios for total transmission capacity
and three different combinations for locations of the NGFs in
areas 1 and 2 are considered. The NGFs that are located in area
1 and total capacity of tie-lines are given in columns 1 and 2
of Table IX. The WPP and the NGFs that are not shown in
column 1 are located in area 2. Consumer price of each area is
computed by prorating supporting cost to all consumption and
adding it to its locational marginal price. Consumer price for
different tie-lines capacities and different combinations for lo-
cations of the NGFs in areas 1 and 2 are given in Table IX. As
Table IX shows, if transmission constraints are taken into ac-
count, consumer price of area 2 in the WN scheme can be lower
or higher than the consumer price of area 2 in the PT scheme;
this depends on the locations of NGFs in area of 1 and 2 and total
capacity of tie-lines. In the considered capacities for tie-lines
and the considered combinations for NGFs in area 1 and 2, the
consumer price of area 1 does not depend on the selected scheme
as it is shown in Table IX. Hence, when transmission constraints
are modeled, the performance of the WN scheme in comparison
to the PT scheme depends on the location of congestion and its
intensity.

VI. CONCLUSION
In this paper, the impacts of strategic bidding of a WPP on

an electricity market are studied. To this end, three schemes for
the strategic bidding of the WPP are compared at market's Nash
equilibrium. The simulation results show that the strategic bid-
ding of the WPP in the SF and WN schemes reduces the MCP
in comparison to the PT scheme. Strategic bidding of the WPP
reduces its profit in all schemes. To encourage the WPP to par-
ticipate in the market strategically, a wind support tariff is de-
fined to keep its profit equal to its profit in the PT scheme. Con-
sumers are assumed to be responsible for paying the costs of the



4552 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 31, NO. 6, NOVEMBER 2016

wind support tariff. The simulation results show that even after
considering the wind support tariff for the WPP, strategic bid-
ding of the WPP reduces the costs of the consumers in the SF
and WN schemes. The results also show that the WN scheme
is the best scheme from the viewpoint of increasing competi-
tion and deceasing consumers' price. Considering historic data
of wind generation forecasting confirms the extracted results.
Simulation results show that the efficiency of the WN scheme
decreases in off-peak load, increases under elastic loads, and it
depends to the location and intensity of congestion in congested
networks.
Determining the optimal values of balancing prices and the

impacts of strategic behavior of WPPs on the short-term opera-
tion of power systems are future directions of this researchwork.

APPENDIX

A. Appendix A—Parameters of the SFE Model
KKT conditions of ISO optimization, i.e., (1)–(3), lead to:

(22)
(23)

where

(24)

(25)

substituting (22) and (23) in (4) and rearranging it yield (6). The
elements of matrix vectors and , and
scalars and are defined as follows:

(26)

(27)

(28)

(29)

(30)

The elements of vectors , and matrix
, are defined as follows:

...
...

...
(31)

...
...

...
...

(32)

(33)

is a vector that its th element is equal to is a matrix
that its th row is equal to .

B. Appendix B: SFE Model for the GP Scheme
In this scheme, the WPP bids its generation power to the

ISO. The ISO accepts the whole generation power that is of-
fered by the WPP. Other firms bid their supply functions to the
ISO. Hence, assuming is dispatched power of the WPP
by the ISO, the decision variable vector is .
The profit of NGF at the study hour, (6), can be rewritten as
follows:

(34)
where:

...

...

(35)

(36)

(37)

The elements of matrix vectors
and scalars and are computed using (26)–(30)
assuming NGFs are competing in the market. The expected
profit of the WPP over different scenarios can be formulated as
below:

(38)

where is balancing cost at scenario and defined in
(10). Equation (38) can be rewritten as below:

(39)

(40)

(41)
where is a step function. Considering the fact that the deriva-
tive of with respect to is zero for all values of

, the effect of is ignored in optimization. From (39)–(41)
it is concluded that the WPP can be modeled as a NGF which
has a linear marginal cost with a zero slope, , and a
variable intercept in different scenarios, , as given in (40).
Hence, assuming is a very small positive real number, (39)
can be written as (34). Written (39) as (34) yields:

(42)
where:

...
(43)

(44)
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is the slope of the bid function of an arbitrary unbound NGF
at the market equilibrium and and are computed using
(24). is a zero matrix and is a zero
vector. Comparing (34) and (42) with (6), yields that SFE can
be modeled as (7)–(9) in the GP scheme.

C. Appendix C: SFE Model for the SF Scheme
In SF scheme, the WPP bids an affine supply function to the

ISO. Comparing (39) and (4) concludes that the WPP can be
modeled as a NGF which has a linear marginal cost with a zero
slope, , and a variable intercept in different scenarios,

, as given in (40). Hence, assuming is a very small pos-
itive real number, the WPP^{\prime}s profit at scenario can
be written as (6). The only parameter of (6) that depends on

is (see (28) in Appendix A), which is shown with .
The expected profit of the WPP also can be written as (6) as-
suming . Therefore, SFE can be mod-
eled as (7)–(9) in the SF scheme.
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