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Abstract — This paper reviews specific issues and challenges in
reactive power management within the competitive electricity
market context and increasing requirements of system security.
The basic aspects refer to the specific constraints introduced by
the capability curves of the generating units, the notion of
opportunity costs and the questionable role of obligation to serve
concerns. Other key issues are related to the responsibilities of
the grid operator in transmission networks, the mechanisms for
reactive power procurement with critical concerns about the use
of optimization procedures, the importance of obtaining
meaningful indicators and suitable sensitivity information to
characterize the power system operation, and the needs for
developing specific calculations based on the value of reactive
support during normal operation and in dynamic conditions.

Index Terms — reactive power, voltage support, reactive power
and voltage support ancillary service, independent grid
operator, pricing, lost opportunity costs, obligation to serve,
generator capability curve, system security.

1. INTRODUCTION

Reactive power and voltage support is an essential service to
ensure secure power system operations. In the competitive
electricity market environment, the provision of such a
service must take into account the economics in addition to
the technical and physical considerations and so depends on
the market players and the electricity market rules. Reactive
support and voltage control from generation sources is
deemed to be an ancillary service [1] in the England and
Wales system and is one of the six specified ancillary services
in the FERC Order No. 888 [2]. In light of the experience to
date, the discussion on the role of reactive power supply
includes all aspects of the service from economic issues to
security [3-5]. The detailed analysis of characteristics and
procurement and pricing of reactive power issues [6]
summarizes many conceptual aspects and current practices,
points out various deficiencies in the reactive power
procurement in the US markets and provides
recommendations for, and lists a number of challenges in the
reactive power supply and usage area. Basically, there are
many problems with the lack of transparency and consistency
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in reactive power planning and procurement mechanisms and
the rather weak incentives to supply reactive power.

The strongly local nature of reactive power restricts its ability
to be transmitted over electrically large distances. As such,
the reactive power procurement depends on the availability of
local reactive power sources [7]. More importantly, such
characteristics imply that reactive power cannot be treated as
a commodity of the same type as active power or active
energy. Many reactive power management issues concern the
static and dynamic aspects of the operating conditions. In
fact, the key use of reactive power is primarily to maintain a
specified voltage profile under normal operating conditions
and to avoid system collapse under emergency by ensuring
the existence of adequate dynamic reactive power reserves.
The valuation of the reactive support provided is a rather
challenging problem whose effective solution is yet to be
determined.

The very local nature of reactive power provision renders the
economics of reactive power and voltage support to be
challenging and makes highly questionable the feasibility of
setting up a workable market structure for reactive power
procurement. Moreover, the development of pricing
mechanisms able to provide appropriate incentives to
stimulate suitable investments in areas lacking in reactive
power supply capability remains a major challenge.

This paper provides a critical overview of a number of issues
related to the procurement and management of reactive power
and voltage support services. Section II discusses the
fundamental limitations arising from the generator capability
curves, the notion of opportunity costs and the practical
means to discharge the obligation to serve requirements.
Section III describes some system-wide aspects of reactive
power management, including the role and responsibilities of
the transmission system operator, the appropriate
incorporation of reactive support issues in the formulation of
optimization formulations, the definition of meaningful
indicators for characterizing the effectiveness of the reactive
power management and the discussion on the worth of
reactive power support. The last section contains concluding
remarks on the numerous challenges ahead.

II. BASIC ISSUES

We discuss in this section some key aspects of the reactive
power and voltage support service.



11.1. Capability curves

The classical description of the operational limits of a
synchronous generator is obtained from the capability curve,
representing the region of feasible operation on the active
power/reactive power plane [8]. In many studies, the
capability curve is approximated by using linear segments, in
order to simplify the inclusion of the capability curve into the
formulation of analysis or optimization problems. At the
present stage of the research, it becomes essential to
characterize the actual operational behavior of the generators.
Hence, the use of such approximations could be no longer
sufficient. In the perspective of providing useful insights to
the study of the technical aspects concerning the reactive
power production and its limits, the capability curve
description should include more details. In particular, the
dependence of the capability curve on the voltage settings
should be taken into account. In certain cases, even the
possibility of extending the feasible region inside the
capability curve by providing more efficient cooling [9] could
be considered as a viable option. With the purpose of
providing additional voltage support in transient conditions,
additional margin can be obtained by taking into account the
overloading capability curve, in which the capability limits
are partially relaxed. In addition, for power system studies it
is important to take into account the model of the whole set of
components (generator, step-up transformer and possible
local reactive power compensation) forming the generation
unit connected to the transmission system nodes, with explicit
inclusion of the generator capability limits. Alternatively, a
comprehensive capability chart of the whole generation unit
at the transmission system interconnection [10,11] has to be
identified and included in the model. The capability chart has
to be drawn by taking into account the impact of possible
variations of the control variables (generator set point
voltage, the tap position of the ULTC or the set point of other
compensation devices) on the capability limits of the
generators [12]. In order to make it possible to carry out the
technical assessment of the power system operation, the
information concerning the technical characteristics of the
generation unit components have to be provided to the IGO
and as such cannot be considered to be private information.
By using these information, the IGO is enabled to determine
the suitable control variables to be imposed in order to satisfy
the operational objectives under the IGO responsibility.

11.2. Opportunity costs

The operating point of the power system depends on the
structure, loading level and control settings of the whole
network. For a generator, the control variables are the active
power and the voltage magnitude. The active power can be
determined as a result of bilateral contracting or competitive
auctions in the energy market. Once imposing the active
power quantities, one or more generators could reach its/their
reactive power limits on the capability curve in normal
operating conditions. If the reactive power limits were
reached, the reactive power support requirements could be
satisfied by curtailing a portion of the active power
generation. This would result in foregone profits for the

generator, namely, the opportunity costs [7,13] representing
the value of the opportunity the generator gives up to provide
the reactive power support required by the system would be
lost. To exemplify, let us consider a seller submitting a MW
offer to the energy market, with maximum power offered P,
and with a stepwise bid structure for different amounts of
power offered. The energy market clearing followed by
congestion management defines the quantity of the accepted
offers and the market price. At the node to which the
generator is connected, the market price is assumed to be
defined by the locational marginal price or LMP [14]. In
particular, it is possible to distinguish among a marginal
generator, for which the accepted MW offer P, determining
the LMP can be lower than the submitted MW offer P,, and a
non-marginal generator, for which the accepted MW offer P,
equals the submitted MW offer P,. With reference to IGO
requirements for the reactive power and voltage support
ancillary service, the generator could be unable to provide
sufficient reactive power to maintain the active power
generation at the quantity P.. We illustrate the notion in
graphical terms in Fig. 1 showing a portion of the capability
curve of a generator, which is required to provide reactive
power at its real power output P, at the point B. The generator
operation at the power level P, cannot meet the reactive
support at the corresponding limiting value at the point A. The
IGO determines a technically feasible solution through the
variation of some voltage control set points so as to transition
the operation from point B to point C along some direction
such as that given by line r in Fig. 1. This necessitates the
reduction of the active power generation to P, to attain an
acceptable operating condition at the point C. The power
reduction has associated with it the opportunity costs due to
the foregone profits of the reduced output and corresponding
revenues. Fig. 2 shows the filled area corresponding to the
lost opportunity costs for a marginal generator.
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Fig. 1. Portion of the generator capability curve.

The opportunity costs depend on the reduction in the active
power (and thus energy) production, valued at the clearing
price of the energy market. Hence, they are of the same order
of magnitude as the profits of the generator. The costs of the
provision of reactive power at any operating point inside the
capability region are negligibly small with respect to the costs
of generation of active power due to energy losses. As such,
the opportunity costs represent the dominant component of
the cost structure concerning the provision of reactive power



support in normal operating conditions [7] and are widely
recognized as essential elements for setting up reactive power
pricing or market schemes [15]. However, a priori
quantification of the lost opportunity costs is very difficult
due to the strong dependence on the operating conditions of
the system.
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Fig. 2. Graphical representation of the opportunity costs for a marginal
generator.

11.3. Obligation to serve

The economic treatment of the operating points lying inside
the generator capability curve (for pricing or market
purposes) has been subject to various interpretations during
the last years. According to some regulations, such as the
FERC Order No0.2003 [16], the producer should not be
compensated when its operating point is located within a
region of the capability curve bounded by two established
power factor values (e.g., from 0.95 leading to 0.95 lagging),
while it should or could be rewarded outside that region. The
notion of a power factor-based region within which no
economic compensation is given raises obligation to serve
concerns with various technical and economic ramifications.
Among them is the “imprecise interconnection standards” of
[6] since the standards requiring obligations to serve for the
generation units within prescribed power factor limits do not
specify on which side of the step-up transformer the power
factor has to be measured. However, such an obligation to
serve is economically and from a policy perspective highly
questionable. In fact, there is no guarantee that each generator
output lies within the specified power factor limits and so the
application of the standards introduces a lack of uniformity in
a pricing scheme allowing a generator to be compensated
only when it is outside the obligation to serve region. This
situation is not consistent with the fact that all reactive power
providers should be paid on a non-discriminatory basis. In
addition, the network structure considerations imply that a
generator may need to produce or absorb reactive power, at a
different level to maintain the specified voltage profile under
low-loading or no-load conditions than when loaded more
fully.. This is true due to the intrinsic reactive power support
required from generators to maintain the specified voltage
profile even in the absence of active power requirement, as
discussed in [17]. Indeed, compliance with the reactive
support requirement for operation within the power factor-
based obligation to serve region under low-load conditions,

may be infeasible or overly difficult. Since the operating point
also depends on the voltage control set points, their
specification by the IGO imposes an additional challenge for
constructing an equitable non-discriminatory solution.

An even more questionable situation occurs under the
hypothetical presence of a reactive power market in which the
generator owners, acting as sellers, would be able to associate
price offers to the operating points lying outside the
obligation to serve region. Again, the presence of the network
would constrain the solution of any reactive market clearing
procedure, in such a way to give some sellers an effective
dominant position with possible monopoly or oligopoly and
potentially extensive market power. The limits of the
obligation to serve region may serve for specifying the
boundaries for setting up procedures aimed at minimizing the
reactive power procurement costs. However, in this case the
boundary would may be viewed as discriminatory since the
generators must operate outside the boundary. It follows from
this discussion that the attempt to force the reactive power
outputs to remain within a prescribed region has no
reasonable rationale. As such, the inner region of the
capability curve needs to be viewed uniformly in terms of the
pricing criterion, with no distinction given to an obligation to
serve region.

III. SYSTEM-WIDE ASPECTS OF THE REACTIVE POWER
PROVISION AND MANAGEMENT

This section covers a set of issues related to the reactive
support required in the transmission system, its procurement
and valuation considering the normal system operation and
the effects of taking into account voltage security aspects.

I11.1. Reactive support responsibilities of the IGO

The strongly interconnected meshed network structure of the
power system requires the coordinated control of the network
by a single centralized entity. This entity is responsible for
determining the controls required to facilitate transactions and
ensure transmission system reliability and security. Here we
denote such an entity with the generic term independent grid
operator (IGO), encompassing various terms such as
independent  system operator, regional transmission
organization or transmission system operator in use in
different jurisdictions. Among its functions, the IGO has to
provide the acquisitions of all unbundled ancillary services
[9]. In the competitive market, the IGO does not own the
reactive power sources and has to procure them from the
generators or other sources. As defined in FERC Order No.
888, the reactive power and voltage support service is an
ancillary service only when provided by a generator or a load.
All services from other devices are considered as part of the
basic transmission service. While there is growing interest in
the deployment of capacitors, reactors, static VAr
compensators (SVCs), flexible AC transmission systems
(FACTYS), and other devices, the provision of reactive power
by these components of the transmission network cannot
providing an ancillary service. These components are in
general privately owned, and in principle their operation
could be managed locally and independently of the 1GO.
However, local resource management would be driven by



different objectives with respect to the ones pursued by the
IGO. In a competitive market environment, conditions of
major benefit or opportunities for any market player could
occur by modifying the power flows in the system. An
example is the setting up of circulating reactive power flows
through the imposition of specifically determined voltage
settings, as recalled in [18]. Another example, is the case of
reactive support leaning, in which a generator could reduce its
share of reactive power support to lean on other generators,
by changing its voltage setting point and thereby withholding
part of its reactive power output [7]. This could induce other
generators to produce more reactive support, leading to lost
opportunity costs. Such a behavior thus overrides the
outcomes of the competitive energy market. It is, therefore,
important to set up appropriate rules to prevent such behavior
to manipulate markets. The management of locally produced
reactive power must therefore remain under the central
authority of the IGO.

111.2. Optimal procurement of reactive power and voltage
support

The IGO must adopt a transparent and non-discriminatory
procedure to procure the reactive power support. In principle,
this procedure may use the optimal power flow (OPF),
typically based on a loss minimization objectives. But, in the
competitive environment, such a strategy is less meaningful
since no single entity pays for the losses and, as long as a
scheme to allocate them exists, is of less impact than in the
conventional vertically integrated structure. Some caution is
required in the application of the OPF for addressing the
reactive power support procurement. In general, the
minimization of the production costs is not a viable objective
within a market-based framework, in which the production
costs constitute private information of each seller.
Furthermore, criteria of maximization of the loadability
margin and loss minimization may conflict with a generator’s
interests, since the costs incurred nor the value of the reactive
support services are taken into account. An OPF with the net
social surplus as the objective function may be more suitable
for electricity market applications with the reactive power
prices explicitly represented through dual variables.
Additional aspects may include voltage security costs in the
OPF formulation [19].

There is a need for the definition of an appropriate objective
function that is able to explicitly account for the value of
reactive support under normal operating conditions, the
opportunity costs [20] and the value of security [21]. The
representation of the local nature of reactive support is a
complicating factor. As such, the minimization of the total
cost of reactive support provision may not be appropriate
[22], since the local aspects would not be appropriately
represented. Local issues are handled by introducing the
concept of minimum reactive power needs for the generators,
associated to the cost curves [23]. In the application of this
concept, a generator producing reactive power above
minimum needs has to be remunerated, since otherwise
reactive power support is required from the network and the
entity receiving that support has to pay for it. Bus voltage
profiles have major impacts on the reactive power production.

The presence of voltage constraints may lead to high reactive
power prices [24] and, therefore, nodal prices for reactive
power may be highly volatile. The reactive power support
may vary significantly for different technically acceptable
solutions, making it difficult for the /GO to set up control
strategies that ensure equity of treatment of the resources
under disparate ownership. Incorporation of contingencies
and security aspects in the OPF has to reflect the value, not
the costs of the reserves, including the so-called VAr reserves.
The relationships between the effective reactive power limits
under specified system conditions, which need be the reactive
power limits of the generator, and the set of contingencies
under consideration.

The formulation of an appropriate objective function is not
the only complication. Even with a suitable objective
function, the formulation of a specific reactive-side OPF for
reactive power support, the resulting voltage control settings
may not resolve all the voltage security issues. In fact, the
outcomes of such an OPF may required to be coordinated
with the results of the energy market clearing and congestion
management. Furthermore, the incorporation of voltage
control, security-based and energy-based objectives in a
multi-objective OPF may be less than satisfactory. In fact, the
multi-objective formulation solution represents a compromise
among the different objectives, thereby blunting the
possibility of satisfying each objective to an acceptable
extent. A better way may be the formulation of a single OPF
by the IGO, with a clear and widely agreed objective and to
introduce all the relevant aspects as constraints. This task is
an important challenge in future research.

I11.3. Reactive support share and sensitivity information

The local nature of the reactive power and voltage support
calls for a specific quantification of the actual availability of
the reactive power sources throughout the system. More
specifically, for enhancing the effectiveness of the reactive
power support, it is not sufficient to install a relatively high
reactive power capacity at a given location. It is indeed
necessary to verify that the installed capacity can be
effectively used when needed. This depends on the actual
amount of reactive power that can be provided to follow a
specific trajectory of evolution of the system operating points.
In practice, for evaluating the effectiveness of the reactive
support at a certain location in the network, it is possible to
resort to suitable sensitivity information.

On the static analysis standpoint, the relevant issues are the
load variations, expressed in terms of specified directions in
the space of active/reactive power load parameters and active
power generations, and the variations of the voltage setpoints.
Suitable sensitivity indicators can be provided in different
ways. For a given loading and generation pattern, the reactive
support share definition proposed in [25] takes into account
the network structure, the location of the reactive power
sources and the changing characteristics of the demand. From
another point of view, marginal information concerning the
transmission losses (MW/MVAr) and the cost reduction
($/MVArh) associated to the availability of a reactive resource
at a specific can be obtained from a conventional optimal
reactive power flow program [24,26].



The evaluation of the reactive support share and of the related
sensitivity information can be carried out without introducing
any quantity referred to the possible creation of a reactive
power market [27-29]. However, the information obtained are
anticipatory of possible conditions of market power that could
occur if a reactive power market would exist [30]. Indeed,
considering a given location in the system and a specific
moment in time, the existence of a reactive support share
mainly limited to a few generators is a remarkable reason for
avoiding the creation of a reactive power market with time-
dependent (e.g., hourly) prices determined by auction-based
mechanisms. Such a situation occurs frequently, in particular
in large networks, even after partitioning the network in
different voltage control areas.

111.4. Security aspects and the value of reactive support

The concept of value of the reactive support has to be
considered in different contexts. The main distinction occurs
among operational and emergency conditions. In the
operational framework, the value could be referred to unused
capacity issues. Possible evaluations could be envisioned
according to the reactive support share concept [25] by
calculating the related sensitivity coefficients. In emergency
conditions, introducing the notion of value instead of cost of
the reactive support is essential. In fact, on the one hand even
a relatively inexpensive reactive power source would be
ineffective in providing support at electrically remote
locations. On the other hand, the incalculable value of
avoiding the occurrence of severe dynamic stresses to the
system components or a complete blackout goes well beyond
the cost of the reactive support resources. Nowadays, the
interest towards the use of dynamic resources is also
emerging because of the presence of new sources of
fluctuating power injected in the transmission systems, for
instance from wind parks.

The value of the reactive power resource available at a
generation bus depends on its capability to ensure a secure
operation under disturbances caused by load variations or line
and generator outages. Under a specific contingency, the
value of the possible actions also depends on the path of
return to the feasible solution, since some correcting actions
could prove to be ineffective [7]. Among the possible
solutions that satisfy security considerations, the IGO may
further reduce as much as possible the transmission losses by
adequate dispatch of the reactive resources.

Under emergency conditions, there is a need for
distinguishing among “slow” and “fast” reactive support. For
fast-operating dynamic resources (e.g., SVCs, FACTS and D-
VAr) the prevailing activity could occur in transient
conditions. Hence, the capacity of these resources is often
sized according to dynamic considerations, leading to the
need of adopting very expensive resources. However, fast-
acting dynamic resources are high-valued due to their
essential role during emergencies. As such, suitable criteria
have to be formulated for providing incentives to their
procurement and use. In particular, the use of mobile sources
could lead to beneficial effects in improving the system
security. Other sources such as capacitors and reactors

provide slower dynamic performance, so that their value is
lower with respect to those of fast-acting dynamic devices.

The dynamic resources cannot generally count on significant
rewards in normal operating conditions. As such, their
procurement cannot be subject to a competitive market with
the participation of all the sources. It could be reasonable to
envision separate long-term markets dedicated to reactive
resources with faster and slower operation, each market based
on bids associated to the resource capacity. Further incentives
to the adoption of such technologies could depend on the
introduction of dedicated mechanisms such as forward
contracts for risk hedging. In the real-time, a significantly
lower additional reward could be obtained, depending on the
effective amount of reactive support provided.

The value of the reactive power support can be determined by
measuring the importance of the reactive power sources,
without a direct relationship to the costs, defining an
equivalent reactive security, for instance from the value
curves defined in [21]. The value of the reactive power
support can be incorporated into a general framework to
calculate the value of voltage security, in addition to other
terms representing the value of lost load and the costs of
possible corrective actions (generation rescheduling,
variations of the voltage control set points and possible load
shedding) required in case of violations of the operating limits
[31]. Extended analysis techniques must be formulated in
order to obtain a unified view of the behavior of static and
dynamic reactive power sources. In this respect, relevant
references come from the specific results obtained in over two
decades of voltage stability studies [32]. The information
provided by various types of voltage stability indicators
should be properly associated to economic indicators, in order
to provide useful information to the procedures used for
acquiring the reactive power and voltage support from
generators and potentially from other local sources.

IV. CONCLUDING REMARKS

The specific features of the reactive power and voltage
support ancillary service raise several challenges to the
procurement of the corresponding resources in a market-
orientated framework. Even though there is a widespread
trend towards introducing market mechanisms where
possible, reactive power cannot be considered as a
commodity of the same nature of active power or active
energy. At present, the most effective solutions for allowing
the IGO to acquire the needed reactive power support refer to
the formulation of contract or auction mechanisms in the long
term, namely, with annual or multi-year time horizons.

In the short term, it is important to consider the interactions
between energy markets, reserve markets, congestion
management and ancillary service provision. The reactive
support side has to be taken into proper account for what
concerns reliability and security aspects. The mechanisms
used for procuring the reactive power support must be widely
accepted and able to provide the correct technical and
economic signals. In case of use of optimal procedures, such
as the ones formulated for jointly optimizing day-ahead
market outcomes and reactive power and voltage support, the
objective function must be based on economic concepts,



including the opportunity costs and an appropriate valuation
of the system security. The use of a specific reactive OPF tool
with an objective function formulated to optimize the reactive
power support could be in contrast with the scopes of the
OPF and congestion management procedures run for clearing
the energy market. Multi-objective OPF formulations could
be ineffective as well, because of the compromise introduced
among the individual objectives. The suggested solution is to
specify the reactive power aspects as local constraints within
a single OPF run under the IGO responsibility. The capability
limits of the generating units must be explicitly modeled and
specified among the constraints. The outcomes of the
procedures used by the IGO should specify all the voltage
control settings, avoiding the possible manipulation of those
settings by other entities.

Among the future perspectives, the reactive power and
voltage support provided by equipment other than generators
in the transmission networks could be taken into account in
the formulation of suitable pricing mechanisms and possible
incentives to their operation. Another issue to be fully
discussed is the appropriate treatment of the reactive power
loads. In addition, the dynamic performance of the systems
has to be associated to the value of reactive support by
carrying out specific analyses, for instance based on the
results of voltage stability and security studies. The
formulation of effective mechanisms of incentive for
encouraging the use of dynamic resources is advisable as one
of the most promising ways for procuring a sufficient amount
of these resources.
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