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Bidding Strategy of Virtual Power Plant for
Participating in Energy and Spinning Reserve

Markets—Part I: Problem Formulation
Elaheh Mashhour, Member, IEEE, and Seyed Masoud Moghaddas-Tafreshi

Abstract—This paper addresses the bidding problem faced by a
virtual power plant (VPP) in a joint market of energy and spin-
ning reserve service. The proposed bidding strategy is a non-equi-
librium model based on the deterministic price-based unit com-
mitment (PBUC) which takes the supply-demand balancing con-
straint and security constraints of VPP itself into account. The pre-
sented model creates a single operating profile from a composite of
the parameters characterizing each distributed energy resources
(DER), which is a component of VPP, and incorporates network
constraints into its description of the capabilities of the portfolio.
The presented model is a nonlinear mixed-integer programming
with inter-temporal constraints and solved by genetic algorithm
(GA).

Index Terms—Bidding strategy, energy market, spinning reserve
market, virtual power plant.

NOMENCLATURE
Sets and Indices:

Index for buses.

Index for hours.

Set of branches of VPP.

Set of DGs.

Set of permitted hours in which interruptible load
may be curtailed if necessary.

Set of interruptible loads.

Set of electrochemical storages.

Set of nodes of VPP.

Variables:

Bid of VPP to energy market
(positive and negative values
indicate purchasing from
and selling to energy market,
respectively).

Binary variable denoting
commitment status of a DG.
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Binary variable denoting start-up
decision for a DG.

Binary variable denoting
shout-down decision for a DG.

Supplied load of VPP if the
accepted bid for spinning reserve
market not called on to produce.

Supplied load of VPP if the
accepted bid for spinning reserve
market called on to produce.

VPP power losses if the accepted
bid for spinning reserve market not
called on to produce.

Power losses of VPP if the accepted
bid for spinning reserve market
called on to produce.

Un-served load for trading in
energy market.

Generation of a DG for energy
market.

Total real power production at node
.

Real power injection to node .

Amount of charged/discharged
capacity of electrochemical storage
at hour t in KW (negative and
positive values indicate discharging
and charging states, respectively)

Reactive power production at node
.

Total reactive power injection to
node .

Un-served load for providing
spinning reserve service.

Generation of a DG for spinning
reserve market.

Bid of VPP to spinning reserve
market.

Apparent power flow from node
to node .
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Voltage amplitudes vector

Voltage amplitude at node .

Voltage angles vector.

Voltage angle at node .

Constants:

Adequacy reserve maintained by VPP.

Referred to the thermal rating of
the interconnection, the transformer
capacity, or the contracted capacity for
exchanging power between VPP and
the upstream grid.

Total forecasted load of VPP.

Ramping capability for reserve of a
DG in KW/min.

Minimum up and down time limits of
a DG in hours.

Number of nodes of VPP.

Upper limit for curtailing on
interruptible load.

Real power demand at node .

Lower and upper limits on generation
of a DG.

Installed capacity of electrochemical
storage in KWh.

Reactive power demand at node .

Ramping up and ramping down limit
of a DG in KW/h.

Maximum charge and discharge rate
of electrochemical storage in KW.

Capacity of the line between node
and node .

Number of hours for which DG unit
has been on/off at hour t.

Maximum and minimum voltage
magnitude at node .

Price of energy market.

Price of spinning reserve market.

VPP’s retail energy rate.

Costs:

Generation cost function of a DG.

Cost curve of an interruptible consumer
to curtail its load.

Operational cost of an electrochemical
storage.

Start up and shut down costs of a DG.

I. INTRODUCTION

T HE world is going to use distributed generation (DG) for
promoting energy efficiency and use of renewable sources

in alternative to traditional generation. In this respect, several
supportive regulations for DG are provided in the whole world,
which are briefly reviewed in the following. In order to support
renewable-based DG, a separate green market for their elec-
tricity generation is being proposed [1]–[4]. Two types of these
separate green markets are Green Certificate Market (GCM) and
Tradable Renewable Energy Credit Market (TRECM). GCM fa-
cilitates the participation of renewable resources into the lib-
eralized market [1], [2]. All of the electricity consumers (dis-
tribution companies or other consumers) are obliged to buy a
certain share of their consumptions from this market. Although
TRECM supports DG the same as GCM does, it has an advan-
tage in comparison with the GCM. It allows the generated unit
of electricity to be divided into two parts: the physical electricity
and the associated greenness. By separating the environmental
attributes of renewable energy generation from physical unit of
electricity, TRECM allows the green power attributes to be sold
or traded separately from the physical unit of energy and so paid
for it [3], [4]. Besides, numerous supportive regulations such
as European RES Directive for development of renewable re-
sources [5]–[7], European CHP Directive for energy efficiency
improvement [5], [6], [8], and similar supportive regulations in
other countries, Renewable Portfolio Standard (RPS) in several
countries [9]–[11], Kyoto protocol which has a role in the re-
duction of greenhouse gas emissions, and so on are the factors
that accelerate DG growth.

It should be mentioned that the current policy of installing
DG has been focused on connection rather than integration; typ-
ically, DG has been installed with a “fit and forget” approach,
based on the legacy of a passive distribution network [12]–[14].
Clearly, under this regime, DG is not visible to the system so
while it can replace the energy produced by centralized units,
it lacks the conditions required to provide system supports and
security activities. So centralized generation capacities must be
retained to perform this function. With growing pressure to in-
crease DG penetration, this passive approach will lead to raising
the costs of investment and operation of the system and ulti-
mately impact the pace of DG adoption [12]–[15]. To solve this
problem, DG should be integrated into system operation under
an active control paradigm which allows it to participate in both
energy and ancillary service markets. This goal can be achieved
via VPP concept which is to aggregate DER either for the pur-
pose of trading electrical energy or to provide system support
services [16]. VPP is under investigation in many projects such
as Europe union project virtual fuel cell power plant [17], Fenix
project [18], etc. A result of literature review shows that there is
no consensus regarding the definition of VPP. In the following,
the most important ones are mentioned to give an overview of
this integration approach.

The European Union (EU) project of virtual fuel cell power
plant defines VPP as a group of interconnected decentralized
residential micro-chp, using full cell technology installed in
multifamily houses, small enterprises, public facilities, etc., for
individual heating, cooling, and electricity production [17].
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According to Fenix definition [18], VPP is a flexible repre-
sentation of a portfolio of DER that can be used to make con-
tracts in the wholesale market and to offer services to the system
operator. VPP aggregates the capacity of many diverse DER; it
creates a single operating profile from a composite of the param-
eters characterizing each DER and can incorporate the impact
of network on aggregate DER output. There are two types of
VPP, the commercial VPP (CVPP) and technical VPP (TVPP).
CVPP perform commercial aggregation and do not take into
consideration any network operation aspects that active distri-
bution network have to consider for a stable operation. TVPP
consists of DER from the same geographic location and includes
the real-time influence of the local network on DER aggregated
profile as well as representing the cost and operating character-
istics of the portfolio. These concepts are discussed in detail in
[14].

VPP is combining different types of renewable and nonre-
newable generators and storage devices to be able to appear
on the market as one power plant with defined hourly output.
In other words, different power generation and storage devices
with weakness (e.g., stochastic output) and strength (e.g., high
energy short term storage) are combined in a complementary
way [19].

In European project CRISP, VPP is an aggregation of DER
units dispersed among the network, but controllable as a whole
generating system. Moreover, a superior ordinate entity which
aggregates VPP, i.e., a large-scale virtual power plant (LSVPP),
is defined as an aggregation of VPP or of DER units dispersed
widely among the network, controllable as a whole generating
system [20]. Two aspects of a VPP can be derived from this
definition. Firstly, different levels of aggregation are possible,
and secondly, dispersed DER units are controllable by the
VPP.

This paper considers VPP the same as TVPP defined in [18]
as a comprehensive definition which takes into account the influ-
ence of local network on DER aggregated profile. VPP is inves-
tigated as a participant of day-ahead energy and spinning reserve
markets. Bidding plays an important role for VPP to maximize
its profit in the markets. A non-equilibrium model based on the
deterministic PBUC is presented to design a bidding strategy for
VPP in which it takes the DER constraints, the supply-demand
balancing constraint, and also the security constraints of VPP
including its network constraints into account. In the presented
model, VPP may be a participant of energy market with dual role
including producer and consumer based on the direction of ex-
changed power with the upstream grid. Moreover, it can provide
spinning reserve service regardless of its role in energy market.
The presented model creates a single operating profile from a
composite of the parameters characterizing each DER which is
a component of VPP, and incorporates network constraints into
its description of the capabilities of the portfolio.

The rest of the paper is organized as follows. Definitions and
assumptions on the component of VPP, its control strategy, the
market framework, and any information required by VPP to op-
timize its bidding strategy are presented in Section II. Bidding
strategy of VPP is discussed in Section III and formulated in
Section IV. Discussion and conclusion are presented in the final
section.

II. DEFINITIONS AND ASSUMPTIONS

A. VPP Components

VPP under study contains distribution network with DGs,
electrochemical storages, and end consumers (both interruptible
and non-interruptible loads). DG units are managed and owned
by VPP. End consumers of VPP are supplied with a given re-
tail energy rate. VPP signs a contract with interruptible con-
sumers in which the upper limit of curtailing , the cost of
curtailing, and permitted hours for curtailing are deter-
mined. A penalty (cost of curtailing) is paid to each interruptible
consumer for curtailing its consumption. DGs and interruptible
loads may be used for trading in both energy and spinning re-
serve markets, but electrochemical storages are only applied in
energy market.

B. Control Strategy of VPP

VPPs may be controlled in distributed or centralized manner
[21]. Distributed control is based on the multi-agent system
(MAS), which is well addressed in [22] and [23]. In this strategy,
each DER unit can be controlled by its agent that participates
in electronic markets where optimized control decisions can be
found. The application of this control strategy is presently lim-
ited to control actions where the location is not important (e.g.,
power exchange and balancing services) [24]. In centralized
control, the DERs are centrally controlled by Control Coordi-
nation Center (CCC), and the market transactions of VPP are
handled by it. In centralized control method, it is able to exe-
cute both technical and economical functions, in order to gain
more benefit of integration of DERs [21], [25].

The advantages and required infrastructures of these control
strategies are addressed in [21] and [25]. Application of dis-
tributed and centralized control of VPP can be found in CRISP
project and European virtual fuel cell power plants, respectively
[17], [20].

In this paper, VPP is assumed to be centrally controlled and
the aim of CCC is to maximize the individual profit of VPP
by making good proposals for energy and spinning reserve
markets.

C. Market Framework

The market framework considered in this work is a joint
model for energy and ancillary service, here spinning reserve. It
is a common structure in the market systems and has advantages
which are discussed in [26] and [27]. The aim of VPP is to max-
imize its individual profit by making good proposals for these
markets. The market framework is shown in Fig. 1. It should be
mentioned that the ISO’s day-ahead market is a double-auction
market, in which all market participants including VPPs submit
bids and offers with price and MW pairs.

D. Required Information Assumptions

The information required by VPP to optimize its bidding
strategy is assumed as follows.

1) VPP can estimate the loads and prices of energy and spin-
ning reserve markets for 24 h based on historical data. The
communication infrastructure for this purpose is discussed
in [25]. Smart metering establishes an information flow
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Fig. 1. Market framework.

for metering purposes to the aggregator, here CCC [28].
Time series of measurement data or other techniques such
as neural networks [29] can be used to forecast the loads
of 24 h of market day. Moreover, case-based reasoning can
be used for nodal load estimation [30]. In [31], a literature
review is provided on different techniques and models for
energy price forecasting.

2) The VPP’s retail energy rates are given.
3) The cost curve of a consumer to curtail its load is assumed

based on [32] to be as a function of un-served load
and modeled as a quadratic polynomial [

in which given coefficients and
quantify the cost of un-served load.

4) All DG units are assumed to be dispatchable and the cost
function of each DG is assumed to be a function of its real
power output and modeled as

in which and are positive coefficients of
quadratic cost function. The start up and shut down costs
can be considered if they are not negligible.

5) The operational cost of electrochemical storage is gener-
ally concerned with maintenance costs, and based on [33],
it is assumed to be a linear function of the absolute of
its charged or discharged capacity at each hour. That is,

, in which and
are positive coefficients of linear cost function of electro-
chemical storage.

III. BIDDING STRATEGY OF VPP IN COMPETITIVE MARKETS

Devising a good bidding strategy is very important for
a market participant to maximize its potential profit. A bid
contains information on how much power, at which price, in
which area, and at what time a market participant is willing to
buy or sell. A detailed literature survey on bidding strategies
in electricity markets is provided in [34]. The authors of [35]
review briefly the developed approaches to design bidding
strategies for traditional generation companies (Gencos). These
approaches can be categorized into two groups: equilibrium
models and non-equilibrium models. Equilibrium models such
as supply function equilibrium and Cournot equilibrium are
widely applied for developing Gencos’ bidding strategies and
analyzing market power in energy markets [35]–[40]. However,

unit constraints such as minimum on/off time, ramping limits,
and startup and shut down costs are not considered in most of
the equilibrium models because the existence of equilibrium
could not be proven when integer variables are used in those
models. Accordingly, the simulated market equilibrium without
the unit prevailing constraints could deviate largely from prac-
tical operation. Meanwhile, there may be some computational
problems when equilibrium models are applied to a large
system with many market participants. However, equilibrium
models would be very important for analyzing the potential
market power of a Genco and the optimal bidding strategy of
Gencos with market power [41], [42].

One of the most important non-equilibrium models is PBUC
[41]–[44]. The basis of this approach is discussed in [44]. In this
approach, the precision of market price forecasting could have
a direct impact on PBUC solution. Due to electricity market dy-
namics, which could make it difficult to forecast market prices
accurately, it would be very important to consider the market
price uncertainty [41], [43].

The PBUC is a suitable approach for bidding in multiple mar-
kets (energy and ancillary services) and can consider inter-tem-
poral effects and integer variables such as minimum on/off time
and ramping limits of generators. Since this paper is concen-
trated on participating VPP in both energy and spinning reserve
markets, a non-equilibrium model based on the PBUC is ex-
tended to design bidding strategy of VPP. It is to be mentioned
that there are noticeable differences between bidding strategy of
a traditional Genco and a VPP based on PBUC as follows.

1) A traditional Genco is only a producer; however, a VPP
may be an entity with dual role including producer and
consumer based on the direction of exchanged power with
upstream grid.

2) In bidding strategy of a traditional Genco using non-equi-
librium models based on the forecasting market prices, the
supply-demand balancing constraint does not exist; how-
ever, it is a critical constraint for VPP.

3) Unlike the traditional Genco, the DER that belongs to VPP
may be connected to various points in distribution network;
so the network characteristics (network topology, imped-
ances, losses, and constraints) impact the making proposals
of VPP. As a result, VPP considers the constraints of both
network and DERs when it bids to the markets.

Regarding two later distinctions, the proposed model for bid-
ding strategy of VPP is called security-constrained price-based
unit commitment (SCPBUC).

IV. STRATEGIC SCPBUC FOR VPP

VPP makes a proposal (including price and MW pairs) to ex-
change power with energy market as well as to bid a part of its
capacity to spinning reserve market by forecasting the markets
prices and then scheduling of DG, determining charging and dis-
charging states of the electrochemical storages, and choosing
the interrupting options based on the forecasted prices while
all economical and technical aspects are considered. The objec-
tive function of bidding problem is maximizing the total ben-
efit of VPP (revenue-cost) obtained in both markets as well as
selling power to end consumers. Energy market could be set-
tled either in uniform pricing or pay-as-bid pricing scheme. The
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spinning reserve market is assumed to be settled based on the
bids for capacity. In some markets, the winner players are ad-
ditionally paid for the amount of energy called on to produce,
and the price of real providing spinning reserve service is deter-
mined based on the market rules [45]. Since the player (VPP)
can not anticipate the amount of energy it will be called on to
produce in spinning reserve market, in this paper, the same as
[44], the revenue of real providing of spinning reserve is not con-
sidered and the SCPBUC is formulated based on the forecasted
price of spinning reserve market concerned with the capacity.
This means that VPP will maximize its minimum expected ben-
efit. The price uncertainty is not taken into consideration in this
paper, and it could be a subject for future work.

A. Objective Function

(1)

B. Constraints

VPP operator should ensure the technical feasibility of
scheduled DER and also steady state security and adequacy of
VPP when it is making proposals for markets. These constraints
should be met at all times, either the accepted bids for spinning
reserve market called on to produce or not.

1) Supply-Demand Balancing Constraint: If spinning re-
serve bids not called on to produce, we see (2) at the bottom of
the page.If spinning reserve bids called on to produce, we see
(3) at the bottom of the page.

2) DG Constraints: These are shown in (4)-(10) at the
bottom of the page.

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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3) Electrochemical Storage Constraints: These are shown in
(11)-(13) at the bottom of the page.

4) Constraint of Interruptible Load:

(14)

(15)

5) Steady-State Security Constraints of VPP:
1) Kirshohf laws:

(16)

(17)

2) Apparent power flow limit of lines, from node to node :

(18)

3) Bus voltage limits:

(19)

4) Capacity of interconnection is shown in (20) and (21) at
the bottom of the page.

5) VPP adequacy constraint: VPP seeks to ensure that there is
enough committed DG, electrochemical storage capacity,
interruptible load, and power purchase capacity from main
grid to meet a reserve margin at each hour; see (22) and
(23).

If spinning reserve bids are not called on to produce:

(22)

If spinning reserve bids are called on to produce:

(23)

C. Solving the Problem

The optimization problem is a nonlinear mixed-integer
programming with inter-temporal constraints. Mathematical
techniques are not suitable for solving this problem, since they
are model-based and the precise model of system is needed
for derivation. Moreover, they start from one point and the
probability of involving in the local optimum is high for these
types of methods. On the other hand, GA is a population-based,
data-based, and free-derivative method and takes the advan-
tages of genetic operators so that the chance of being involved
in a local optimum is less in comparison with mathematical
methods. Therefore, GA has the potential of obtaining near
global solution, while including the constraints [46]. GA in
power system solutions has been employed successfully to
solve the generation scheduling in electric power systems
[47]–[50]. Therefore, in this paper, GA is used to solve the
optimization problem. In what follows, the applied GA is
briefly discussed.

Each chromosome includes the output of DGs, charge/dis-
charge capacities of storages, and load curtailment values al-
located to energy and spinning reserve markets. Based on the
above values concerned with the energy market, 24 backward/
forward power flow [51] is run for each chromosome to calcu-
late VPP power losses and the value of exchanged power with
the upstream grid which is equal to the bid for energy market at
each hour . The security and adequacy constraints of VPP
(16)–(18), and (20) are checked based on the power flow re-
sults. Then the power flow program is again run considering

(11)

(12)

(13)

(20)

(21)
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all generation of DGs and load interrupting values associated
with both markets and also the charge and discharge capacities
of storages. The value of exchanged power with upstream net-
work calculated in this case is the algebraic sum of VPP bids
for both energy and spinning reserve markets . After
calculating , the objective function is calculated. The secu-
rity and adequacy constraints (16), (17), (19), (21) are checked
based on the power flow results. After checking all constraints,
the objective function is calculated and a penalty term is applied
when the constraints are violated. The penalty function can be
in two forms: 1) constant penalty and 2) variable penalty. The
constant penalty approach is known to be less effective for com-
plex problems than the variable penalty [46]. In this paper, the
variable penalty is employed as a function of the distance from
the feasible area. For each infeasible chromosome, the summa-
tion of absolute distances of violated constraints is determined.
Then this summation is subtracted from the objective function
value of the worst feasible chromosome in current population.
This value is considered as the value of objective function of
the infeasible chromosome. By this approach, infeasible chro-
mosomes are not discarded, and therefore, their information can
be used for improving the algorithm search.

In reproduction processes, roulette-wheel selection is applied
for creating children for the next generation. Moreover, by the
test-and-set approach, it is found that two points crossover, with
the fraction of 0.7 providing good results. The mutation rate is
also found by test-and-set approach to be 0.1. The algorithm
stops if there is no improvement in the objective function for
a certain number of consecutive generations. In this paper, the
stop criterion is set for each test system by set-and-test approach.

V. CONCLUSION

This paper is concentrated on the participation of a VPP in a
joint market of energy and spinning reserve service. A non-equi-
librium model based on the deterministic PBUC is proposed to
design the bidding strategy of VPP simultaneously for both mar-
kets. In addition to the constraints of DER, the proposed model
takes the security constraints of VPP and also its supply-demand
balancing constraint into account and called as the SCPBUC
model. This model integrates many DER in the same geograph-
ical area and takes into account the real-time influence of the
local network in this process. This integration as a VPP may in-
ject/absorb power to/from the main grid, and also it may provide
spinning reserve service. This model makes it possible to inte-
grate DER not only to be visible in energy market but also to be
visible for system operator.

REFERENCES

[1] P. E. Morthorst, “The development of a green certificate market,” En-
ergy Pol., vol. 28, no. 15, pp. 1085–1094, Dec. 2000.

[2] P. E. Morthorst, “A green certificate market combined with a liber-
alised power market,” Energy Pol., vol. 31, no. 13, pp. 1393–1402, Oct.
2000.

[3] G. Andrews, “Market based instruments: Australia’s experience with
trading renewable energy certificates,” in Proc. Workshop Good Prac-
tices in Policies and Measures, Copenhagen, Denmark, Oct. 8–10,
2001.

[4] P. Mozumder and A. Marathe, “Gain from an integrated market for
tradable renewable energy credits,” Ecolog. Econ., vol. 49, no. 3, pp.
259–272, Jul. 2004.

[5] C. Schulz, G. Roder, and M. Kurrat, “Virtual power plants with com-
bined heat and power micro-units,” in Proc. IEEE Int. Conf. Future
Power Systems, Amsterdam, The Netherlands, Nov. 16–18, 2005.

[6] C. Schulz, “Business models for distribution power generation with
combined heat and power micro-units,” in Proc. 3rd Int. Conf. Eur.
Electricity Market, Warsaw, Poland, May 24–26, 2006.

[7] I. H. Rowlands, “The European directive on renewable electricity: Con-
flicts and compromises,” Energy Pol., vol. 33, no. 8, pp. 965–974, May
2005.

[8] N. A. Moreira, E. Monteiro, and S. Ferreira, “Transposition of the EU
cogeneration directive: A vision for Portugal,” Energy Pol., vol. 35, no.
11, pp. 5747–5753, Nov. 2007.

[9] S. Espey, “Renewable portfolio standard: A means for trade with elec-
tricity from renewable energy sources?,” Energy Pol., vol. 29, no. 7, pp.
557–566, Jun. 2001.

[10] O. Langniss and R. Wiser, “The renewable portfolio standard in Texas:
An early assessment,” Energy Pol., vol. 31, no. 6, pp. 527–535, May
2003.

[11] T. Berry and M. Jaccard, “The renewable portfolio standard: Design
considerations and an implementation survey,” Energy Pol., vol. 29,
no. 4, pp. 263–277, Mar. 2001.

[12] G. Strbac, Ch. Ramsay, and D. Pudjianto, “Integration of distributed
generation into the UK power system,” DTI Centre for Distributed Gen-
eration and Sustainable Electrical Energy, Imperial College London,
Mar. 2007.

[13] D. Pudjianto, C. Ramsay, and G. Strbac, “Microgrids and virtual power
plants: Concepts to support the integration of distributed energy re-
sources,” Proc. IMechE, Part A:J. Power and Energy, vol. 222, no. 7,
pp. 731–741, 2008.

[14] D. Pudjianto, C. Ramsay, and G. Strbac, “Virtual power plant and
system integration of distributed energy resources,” IET Proc., Gen.,
Transm., Distrib., vol. 1, no. 1, pp. 10–16, 2007.

[15] P. Djapic, C. Ramsay, D. Pudjianto, G. Strbac, J. Mutale, N. Jenkins,
and R. Allan, “Taking an active approach,” IEEE Power Energy Mag.,
vol. 5, no. 4, pp. 68–77, Jul.–Aug. 2007.

[16] G. Strbac, N. Jenkins, T. Green, and D. Pudjianto, “Review of innova-
tive network concept,” Research Project Supported by European Com-
mission, Directorate-General for Energy and Transport, under the En-
ergy Intelligent Europe (EIE), Dec. 2006.

[17] A. Dauensteiner, “European virtual fuel cell power plant,” Management
Summary Report, Feb. 2007.

[18] D. Pudjianto, C. Ramsay, G. Strbac, and M. Durstewitz, “The virtual
power plant: Enabling integration of distributed generation and de-
mand,” FENIX Bulletin 2, Feb. 2008.

[19] G. Koeppel, “Distributed generation literature review and outline of the
Swiss situation,” in EEH Power Systems Laboratory, Internal Report,
Zurich, Germany, Nov. 2003.

[20] C. Andrieu, M. Fontela, B. Enacheanu, H. Pham, B. Raison, Y. Be-
sanger, M. Randrup, U. B. Nilsson, R. Kamphuis, and G. J. Scha-
effer, “Distributed network architectures,” European Project CRISP
(ENK5-CT-2002-00673), Aug. 30, 2005, Deliverable D1.7.

[21] E. A. Setiawan, “Concept and controllability of virtual power plant,”
Ph.D. dissertation, Kassel Univ., Kassel, Germany, 2007.

[22] A. L. Dimeas and N. D. Hatziargyrious, “Operation of a multiagent
system for microgrid control,” IEEE Trans. Power Syst., vol. 20, no. 3,
pp. 1447–1455, Aug. 2005.

[23] J. K. Kok, C. J. Warmer, and I. G. Kamphuis, “Power matcher:
Multiagent control in electricity infrastructure,” in Proc. 4th Int. Joint
Conf. Autonomous Agents and Multiagent Systems, Utrecht, The
Netherlands, Jul. 25–29, 2005.

[24] M. Braun and P. Strauss, “A review on aggregation approaches of con-
trollable distributed energy units in electrical power systems,” Int. J.
Distrib. Energy Resour., vol. 4, no. 4, pp. 297–319, 2008.

[25] Teknologisk Institute, WP2: System Architecture, No. 2007-1-7816,
Fin. Rep., May 2009, Ecogrid.dk Phase 1.

[26] R. P. O’Neill, U. Helman, B. Hobbs, W. R. Stewart, and M. Rothkopf,
“A joint energy and transmission rights auction: Proposal and prop-
erties,” IEEE Trans. Power Syst., vol. 17, no. 4, pp. 1058–1067, Nov.
2002.

[27] T. Wu, M. Rothleder, Z. Alywan, and A. D. Papalexopoulos, “Pricing
energy and ancillary services in integrated market systems by optimal
power flow,” IEEE Trans. Power Syst., vol. 19, no. 1, pp. 339–347, Feb.
2004.



956 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 26, NO. 2, MAY 2011

[28] M. Venables, “Smart meters make smart customers,” IET Eng.
Technol., vol. 2, no. 4, pp. 23–23, 2007.

[29] S. M. Moghassas-Tafreshi, H. Muller, and G. Petritsch, “Energy and
load forecasting by fuzzy-neural networks,” in Proc. Eufit, Eur. Congr.
Intelligent Techniques and Soft Computing, Aachen, Germany, Sep.
7–10, 1998.

[30] W. Jianzhong and Y. Yixin, “CBR-based load estimation for distribu-
tion networks,” in Proc. IEEE Mediterranean Electrotechnical Conf.,
Malaga, Spain, May 16–19, 2006.

[31] H. Valizadeh Haghi and S. M. Moghaddas Tafreshi, “An overview and
verification of electricity price forecasting models,” in Proc. IEEE 8th
Int. Power Engineering Conf., Singapore, Dec. 3–6, 2007.

[32] R. Palma-Behnke, J. L. Cerda, and A. Jofre, “A distribution company
energy acquisition market model with integration of distributed gener-
ation and load curtailment options,” IEEE Trans. Power Syst., vol. 20,
no. 4, pp. 1718–1727, Nov. 2005.

[33] E. Mashhour and S. M. Moghaddas-Tafreshi, “Mathematical modeling
of electrochemical storage for incorporation in methods to optimize
the operational planning of an interconnected micro grid,” J. Zhejiang
Univ. SCIENCE C (Computer and Electronics), vol. 11, no. 4, pp.
737–750, Sep. 2010.

[34] A. David and F. Wen, “Strategic bidding in competitive electricity
market: A literature survey,” in Proc. IEEE Power Eng. Society
Summer Meeting, Seattle, WA, Jul. 16–20, 2000.

[35] J. B. Park, B. H. Kim, M. H. Jung, and J. K. Park, “A continues strategy
game for power transactions analysis in competitive electricity mar-
kets,” IEEE Trans. Power Syst., vol. 16, no. 4, pp. 847–855, Nov. 2001.

[36] R. W. Ferreo, J. F. Rivera, and S. M. Shahidehpour, “Application of
games with incomplete information for pricing electricity in dereg-
ulated power pools,” IEEE Trans. Power Syst., vol. 13, no. 1, pp.
184–189, Feb. 1998.

[37] B. F. Hobbs, “Linear complementarity models of nash-Cournot com-
petition in bilateral and POOLCO power markets,” IEEE Trans. Power
Syst., vol. 16, no. 2, pp. 194–202, May 2001.

[38] H. Song, C.-C. Liu, and J. Lawarree, “Nash equilibrium bidding
strategy in an energy brokerage,” IEEE Trans. Power Syst., vol. 17, no.
, pp. 73–79, Feb. 2001.

[39] T. Li and M. Shahidehpour, “Risk-constrained FTR bidding strategy
in transmission markets,” IEEE Trans. Power Syst., vol. 20, no. 2, pp.
1014–1021, May 2005.

[40] P. Couchman, B. Kouvaritakis, M. Cannon, and F. Prashad, “Gaming
strategy for electric power with random demand,” IEEE Trans. Power
Syst., vol. 20, no. 3, pp. 1283–1292, Aug. 2005.

[41] T. Li, M. Shahidehpour, and Z. Li, “Risk-Constrained bidding strategy
with stochastic unit commitment,” IEEE Trans. Power Syst., vol. 22,
no. 1, pp. 449–458, Feb. 2007.

[42] V. Vahidianasab and S. Jadid, “Stochastic multiobjective self-sched-
uling of a power producer in joint energy and reserves markets,” Elect.
Power Syst. Res., vol. 80, no. 7, pp. 760–769, Jul. 2010.

[43] G. B. Shrestha, B. K. Pokharel, T. T. Lie, and S. E. Fleten, “Price-
based unit commitment for bidding under price uncertainty,” IET Gen.,
Transm., Distrib., vol. 1, no. 4, pp. 663–669, 2007.

[44] M. Shahidehpour, H. Yamin, and L. Zuyi, Market Operation in Electric
Power Systems. New York: Wiley, 2002.

[45] Y. Rebours, D. Kirschen, and M. Trotignon, “Fundamental design is-
sues in markets for ancillary services,” Electric. J., vol. 20, no. 6, pp.
26–34, Jul. 2007.

[46] M. Gen and R. Cheng, Genetic Algorithm and Engineering Optimiza-
tion. New York: Wiley, 2000.

[47] P. C. Yang, H. T. Yang, and C. L. Huang, “Solving the unit commitment
problem with a genetic algorithm through a constraint satisfaction tech-
nique,” Elect. Power Syst. Res., vol. 37, no. 1, pp. 55–65, Apr. 1996.

[48] K. S. Swarup and S. Yamashiro, “Unit commitment solution method-
ology using genetic algorithm,” IEEE Trans. Power Syst., vol. 17, no.
1, pp. 87–91, Feb. 2002.

[49] J. C. Christiansen, C. A. Dortolina, and J. P. Bermudez, “An approach
to solve the unit commitment problem using genetic algorithm,” in
Proc. IEEE Power Eng Soc. Summer Meeting, Seattle, WA, Jul. 16–20,
2000.

[50] E. Mashhour and S. M. Moghaddas-Tafreshi, “Integration of dis-
tributed energy resources into low voltage grid: A market-based
multiperiod optimization model,,” Elect. Power Syst. Res., vol. 80, no.
4, pp. 473–480, Apr. 2010.

[51] S. M. Moghaddas-Tafreshi and E. Mashhour, “Distributed generation
modeling for power flow studies and a three-phase unbalanced power
flow solution for radial distribution systems considering distributed
generation,” Elect. Power Syst. Res., vol. 79, no. 4, pp. 680–686, Apr.
2009.

Elaheh Mashhour (M’08) was born in Tehran, Iran, in 1974. She received the
Ph.D. degree in electrical engineering from K. N. Toosi University of Tech-
nology, Tehran, in 2010.

She is now with Khouzestan Electric Power Distribution Company. Her re-
search interests are distribution system automation and planning, power market,
operation and planning of distributed generation.

Seyed Masoud Moghaddas-Tafreshi was born in Tehran, Iran. He received
the Ph.D. degree in electrical engineering from Technical University of Vienna,
Vienna, Austria, in 1995.

He is now an Assistant Professor in the Power Engineering Department in
the Electrical Faculty of K. N. Toosi University of Technology, Tehran. His re-
search interests are in the areas of load and price forecasting, load and energy
management, renewable energy, power system operation and planning of the
deregulated power system.


