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ABSTRACT Liberalization of the energy system sets the way towards market-based solutions for ancillary
service provision. Local reactive power markets are envisioned to achievemore economically and technically
efficient reactive power provision to solve voltage control problems in future distribution and transmission
grids. However, market-based reactive power procurement is a difficult and yet unsolved problem. This
survey provides a comprehensive overview of the characteristics and hardships of reactive power markets.
That is followed by a literature overview of reactive power market design, including local markets and
markets on system operator level. Further, methods how to analyse reactive power markets are discussed,
focusing on market power, game theoretical approaches, Reinforcement Learning, and manipulation of
reactive power markets. From this overview, trends and current research gaps are derived and some general
research recommendations are given to serve as a guideline for future research in the field of reactive power
markets.

INDEX TERMS Ancillary service, game theory, market design, market power, mechanism design, reactive
power market, reinforcement learning, system service, voltage control, voltage regulation.

I. INTRODUCTION
Reactive power regulation is the main measure to perform
voltage control in power grids. Reactive power itself does not
bring direct benefits, but increases the active power transfer
capability of the system and decreases active power losses,
if regulated well [1].

The current transformation of the energy system towards
renewable energy sources results in some general trends,
which change the role of reactive power. While conventional
power plants in the transmission system get shut down, the
penetration of power grids with distributed energy resources
(DERs) increases steadily, especially in the distribution grids.
Especially fluctuating DERs like most renewables often
can induce voltage violations and overloading. Therefore,
grid expansion measures and better control mechanisms are
required. In future power systems, DERs in distribution
systems will be the main providers for ancillary services
like voltage control. Especially converter-connected DERs
like photovoltaic (PV) systems, or wind turbines (WTs) are
able to adjust their active and reactive power feed-in fast
and almost independently from each other [2]. The usage
of small DERs in grid regulation is supported by the ong-
oing digitalization trend and the expanding information and
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communication technology (ICT) infrastructure within the
power system.

Besides the trend towards renewable decentralized gener-
ation and ICT, there is also a trend towards liberalization
and market-based procedures in the power systems to achieve
higher efficiency and lower overall costs. Currently, ancillary
service provision transitions towards market-based mecha-
nisms, which is also demanded by the EU [3]. Regarding
reactive power for voltage control, at the moment, DERs
are typically obliged to provide reactive power for voltage
control, e.g. depending on their active power feed-in or their
local voltage level. However, when reactive power provi-
sion is mandatory and without payment, grid operators are
not incentivized for efficient usage [4]. Further, converters
of generation units often need to be oversized to prevent
curtailment of active power feed-in, which is economically
inefficient again. For these reasons, reactive power markets
and pricing have been important research topics with a large
body of literature in the last two decades.

This work provides a comprehensive overview of various
approaches how to design and analyze reactive power mar-
kets. In another recent and noteworthy survey paper about
reactive power markets, Jay and Swarup [5] give a broad
overview of reactive power markets and related literature,
e.g. voltage control areas. While they have a strong technical
focus, this work aims to focus more on the market aspects.
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Although providing a broad overview, there are clear
boundaries to the scope of this work: We do not consider
active power markets or coupled active/reactive power mar-
kets. The latter are already discussed thoroughly by Jay
and Swarup [5]. We also neglect reactive power planning –
i.e. where to build reactive power sources –, even if economic
aspects are considered. Furthermore, we do not consider
reactive power pricing where the grid operator alone sets
prices to compensate for reactive power without any kind of
market structure or bidding. Instead, we focus on publications
that presume reactive power sources that offer reactive power
as a service at some kind of reactive power market. Our
contributions are:
• In Section II, we give a short introduction to the charac-
teristics, difficulties, and fundamentals of reactive power
markets as a basis for our review.We also provide a clear
distinction of reactive power planning, reactive power
pricing and reactive power markets.

• Afterwards, we provide a comprehensive overview of
the most relevant literature of the last two decades
regarding design (Section III) and analysis (Section IV)
of reactive power markets.

• In Section V, we give a short overview of reactive power
markets already operated in the field.

• Based on the literature review, we then identify trends,
research gaps, and provide some recommendations for
future research (Section VI).

• Finally, we draw some general conclusions about reac-
tive power market research in Section VII.

II. REACTIVE POWER MARKETS
Reactive power markets differ significantly from normal mar-
kets and even energy markets, which is why special market
designs are required. To lay the basis for the literature review,
we discuss these special characteristics first and classify
reactive power markets. Finally, we introduce the relevant
fundamentals of reactive power markets and how costs for
reactive power are composed.

A. CHARACTERISTICS OF REACTIVE POWER MARKETS
In contrast to active power, reactive power cannot be trans-
ported over long distances, which leads to a strong local
character. That results in different worth of reactive power
depending on the location where its fed into the grid [6].
Similar to active power, reactive power flows must be bal-
anced at all times. However, due to the local character, that
constraint is more difficult to adhere. Another important
property is that the local grid operator is the only potential
buyer of reactive power as an ancillary service. That makes
reactive power markets monopsonistic in nature [6]. A further
consequence of the locality is that for some reactive power
demand in the system only few providers can be considered,
which may result in market power for these providers. That
is often reinforced by current regulation which only consid-
ers generators as providers, while for example controllable
loads are mostly neglected [7]. Also, in contrast to active
power, reactive power is extremely cheap to produce, because

no fuel is required [7]. That can result in market prices
close to zero [1]. Nevertheless, in most cases, reactive power
set-points cannot be set freely, because reactive capabilities
are closely linked to active power feed-in of the units [7].
That interplay can be described by (P-Q)-curves and makes
the analysis of reactive power markets especially difficult,
because active power curtailment may be required to provide
reactive power. That results in opportunity costs and affects
the power flows in the system. Altogether, it is impossible
for the grid operator to simply accept the cheapest offers,
because the grid model and current grid state need to be
considered [8]. Additionally, the small number of suppliers
and the tight coupling with the physical energy system may
result in drastic fluctuations and spikes of reactive power
prices [4]. All these characteristics – locality, monopsonism,
few providers, low production costs, interconnections with
active power, and fluctuating prices – make the market design
for reactive power especially difficult.

B. REACTIVE POWER PLANNING, PRICING, AND
MARKETS
In the following, we give a short overview about reactive
power planning, reactive power pricing and reactive power
market, where Table 1 lists the most important differences.

TABLE 1. Distinction of reactive power planning, pricing, and markets.

Reactive power planning focuses on the question where
and which actuators should be built. In that field, it is often
assumed that the grid operator builds the devices, mainly
capacitors. Therefore, on the economic side, the investment
costs are analyzed in details.
Reactive power pricing aims to find a fair distribution of

the reactive power costs. Therefore, these pricing schemes
can be called cost-based. They try to incentivize the owner
of units like reactive loads. Sometimes, a specific control
scheme for the units is assumed. The detailed price setting and
billing is performed after the operation with total knowledge
of the reactive power flow. The grid operator is responsible
for the price setting in a one-directional way. The units have
no influence on the price outcome, i.e. there is no bidding
process.
Reactive power markets are used to decide on the reactive

power provision by supply and demand. These markets fol-
low specific market rules, which differ between the market
designs in literature. They all include some kind of bidding
process. The resulting price can be called bid-based. The
market operator communicates with the actuators before the
activation to agree on a price and an amount for reactive
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power provision in a bi-directional way, for example by an
auction. Therefore, the units can actively influence the price
outcome with their bidding strategy. A market scheme can
work on long-term, e.g. weeks up to a year before the pro-
vision of reactive power. This kind of market is often called
procurement in literature [9], [10]. The market can also work
on short-term, where the problem is a power dispatch one.
Themarket clearing can happen between day-ahead and close
to real-time [9].

In this literature review, we focus on market-based
approaches. However, sometimes a clear distinction espe-
cially between pricing and markets is difficult.

C. COSTS AND PRICING OF REACTIVE POWER
The market price for reactive power is mainly influenced by
three factors. First, the costs of reactive power provision of
the providing unit are important for their bidding. Second,
it is relevant which type of service is paid. Finally, the market
clearing method determines the actual price setting for all
participants. In the following, we provide a short list for all
these categories respectively.

1) COST COMPONENTS FOR REACTIVE POWER
Zhong and Bhattarcharya [11] and Lamont and Fu [12] list
different costs components for reactive power:
• Cost of loss: The reactive power flow increases the
active power loss, e.g. in field windings of a generator
or in the power electronics of an inverter.

• Switching costs: Some reactive compensators like
capacitor banks and transformers have mechanical
switches that need to be exchanged after a certain num-
ber of switch operations due to wear and tear. This
results in costs per switch operation.

• Lost opportunity costs: In synchronous generators
as well as in power inverters, the maximum reactive
power range is influenced by the active power output
due to maximum apparent power and other aspects.
As a consequence, the active power output needs to
be decreased for supplying or absorbing more reactive
power, if the respective limit is reached. As a conse-
quence, the income from selling active power is reduced,
leading to lost opportunity costs.

Note that we do not consider investment costs, because they
are not relevant for bidding anymore when the unit is already
installed.

2) SERVICE TYPES OF REACTIVE POWER
There are different service types that can be included in the
reactive power price. Rebours et al. [13] name the following:
• Fixed price: A reactive power provider can be paid a
fixed and time-independent price.

• Availability price: A fixed amount is only paid for the
times the power plant is available for reactive power
provision. This is also called capacity price.

• Utilization payment: A provider can be paid for its
utilization, i.e. for a certain amount of reactive power
feed-in.

• Utilization frequency price: The provider is paid
depending on the amount of times the service is used.

• Compensation of lost opportunity cost: The reactive
power provider is paid based on its lost opportunity
costs.

A common rule of thumb is that the resulting reactive power
price is below 1% of the active power price in a well-designed
market [14], [15].

3) PRICE SETTLEMENT
The resulting market price for reactive power can be based on
different settlement schemes. In general, it can be differenti-
ated between a regulated price, which is set by a regulatory
authority, and an auction-based price. For an auction, multiple
ways to determine the price are possible:
• Uniform price: All bids are settled at the same price,
which is set by the highest accepted bid. This is also
called marginal price [11], [16].

• Area-wise uniform (AWU) price: The grid is divided
into voltage control areas and an uniform price is deter-
mined in each area. Sometimes, zonal price is used as a
term instead [17].

• Nodal price: For each node in the electrical grid, a price
is selected that applies to every unit at that bus [18].

• Pay-as-bid (PAB): The provider is paid its offer
price [16], [19].

Additionally, hybrid price settlements have been described,
i.e. combinations of the described prices [16].

III. LITERATURE: MARKET-DESIGN
In the following, we give a comprehensive overview of
reactive power market design literature. In most publica-
tions, the market clearing is done by an optimal power flow
(OPF), which is the focus of the next Section III-A. After-
wards, we discuss non-OPF-based designs in Section III-B.
In Section III-C, we focus on approaches that consider reac-
tive power markets where grid operators exchange reactive
power with each other in a market-based way.

A. OPF-BASED MARKETS
In this section, we provide a comprehensive overview of
OPF-based publications and discuss their respective contri-
butions to the state of the art, see also Table 2.
The OPF is the general method to determine the optimal

steady-state operation of power grids under consideration of
system constraints and control limits [20]. It was first used
for reactive power procurement in the early 1990s [21]. How-
ever, the early approaches mostly assume integrated energy
companies that control not only the grid but also the power
plants and, therefore, all reactive power sources, which is out
of scope for this work.

The first relevant publication that fits our market focus
was published by Dandachi et al. [22] in 1996. Their general
scheme is used in most publications that rely on the OPF for
market clearing. Therefore, we present it in more detail here:
The operators of potential reactive power sources (here: syn-
chronous generators (SGs)) provide the transmission system
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operator (TSO) with a piece-wise quadratic or linear reactive
power cost function that reflects the costs for reactive power
provision. The TSO collects all cost functions, feeds them
into an OPF solver, and determines reactive power set-points
that minimize some cost function under a set of constraints.
Dandachi et al. use a security-constrained OPF (SC-OPF) to
minimize the reactive power pay-as-bid (PAB) utilization
costs and the number of switching operations alternatingly.

Gil et al. [23] present two parallel reactive power mar-
kets: a reactive energy market for loss minimization and an
additional capacity (availability) market for voltage security
aspects to prevent undesirable fluctuations of the reactive
power spot price. Ahmed and Strbac [24] compare capac-
ity (availability) markets vs. utilization markets and identify
not one concept as superior but that the grid operator would
prefer utilization markets while unit operators prefer avail-
ability markets.

In the early 2000s, the publications of Bhattacharya and
Zhong [6], [25] introduce the so called expected payment
function (EPF). The EPF represents a paradigm shift to more
market-focused approaches, because previous publications
considered the cost function as a given fixed function. How-
ever, in a free market, the potential reactive power provider
is an autonomous actor that specifies its expected payment –
e.g. its bidding – freely. However, the proposed structure of
the EPF is still based on the actual reactive power costs and
therefore roughly quadratic (compare Figure 1). The EPF
considers a combination of availability and utilization pay-
ment, allows for an obligatory amount of reactive power that
does not get paid, and also enables profits for the providers.
This introduces the possibility of tactical bidding or gaming
to exploit market power and maximize profits. The authors
investigate gaming by testing how far the providers can
increase the price without losing acceptance of a bid. The
authors are also the first to use uniform pricing for market
clearing.

In a later publication, Zhong et al. [17] add voltage con-
trol areas to their approach. Voltage control areas are sub-
areas of a power system that are only loosely coupled with
the rest of the system. These consider locality better by
enabling localized markets with decoupled uniform prices for
each area, i.e. area-wise uniform pricing. That constitutes a
middle way between pay-as-bid and uniform pricing. Later,
Zhong [26] adds network devices like capacitor banks or
static VAr compensators (SVCs) to the approach, which was
restricted to SGs beforehand. Parida et al. [27] expand on
the area-wise uniform approach of Zhong et al. by consider-
ing voltage security aspects, which was previously demon-
strated by Chung et al. [28]. They also explicitly consider
consumers of reactive power, which are often neglected in
other publications.

As of 2006, El-Samahy et al. [29] focus strongly on the
decoupling of active/reactive power markets and present
a generic reactive power market framework that is com-
patible with arbitrary (active) energy market concepts and
therefore widely deployable. The framework consists of
a 2-stage approach: 1) long-term procurement of reactive

FIGURE 1. General example for an EPF after [6], [25].

power provision contracts and the respective EPFs and
2) short-term dispatch of actual reactive power usage in the
form of auctions, but with fixed prices that were determined
in the procurement stage. They expect the long-term pro-
curement to solve the main issues of reactive power markets
like market power or price volatility, which we discussed in
Section II. In [30], they also present a reactive power model
in the dispatch-stage that is the first to consider active power
re-dispatch if the reactive power market resulted in active
power curtailment. In [9], the same authors show the long-
term procurement in detail by solving an OPF to find the
optimal set of contracting generators.

Plavsic and Kuzle [31] propose a zonal reactive power
market (area-wise uniform) with yearly tendering of capac-
ity (availability) price and a preliminary reactive price curve.
The actual price curve is then offered day-ahead, when the
active power schedule is known, and must be close to the
preliminary curve to prevent gaming. Cañizares et al. [32]
combine these approaches and apply the concept to a case
study of the Ontario system and energy market in southeast-
ern Canada. Frias et al. [33] present a yearly capacity (avail-
ability) market. They differentiate between reactive power
absorption and generation as different products and consider
contingencies as well as unit unavailability.

While the previous publications assume a long-term pro-
curement of reactive power or did not discuss the time
aspect at all, Rabiee et al. [36], [37] discuss weaknesses
of that approach, for example that long-term contracts are
bad for competition. They propose a day-ahead market and
also add multi-objective optimization to the state of the art.
Reddy et al. [40] introduce voltage dependent loads as actua-
tors and use EAs to solve the OPF. These are especially useful
for multi-objective optimization as discussed by Saini and
Saraswat [45] and further advanced by Roselyn et al. [53].

Before 2010, mainly uniform pricing was used to clear
the market, because it is expected to incite providers to bid
their true costs [6]. Amjady et al. [19] discuss that pay-as-
bid pricing is superior in reactive power markets, because it
reflects the locality of reactive power better and minimizes
the negative impact of gaming to a single bus in the system.
In [38], the same authors propose a stochastic framework
that allows to consider outages of generation units to achieve
more close-to-reality market results. Ahmadi and Foroud [46]
also discuss nodal pricing for reactive power markets and
found that classic nodal pricing is not applicable, because it
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TABLE 2. Classification of discussed OPF-based reactive power markets. Devices: capacitor (cap), distributed energy resource (DER), electric vehicle (EV),
micro-grid (MG), synchronous condenser (SC), superconducting magnetic energy storage (SMES), synchronous generator (SG), wind turbine (WT) Market
clearing: area-wise uniform (AWU), pay-as-bid (PAB) OPF Method: differential evolutionary algorithm (DEA), evolutionary algorithm (EA), genetic
algorithm (GA), particle swarm optimization (PSO) OPF Objective: maximization (max), minimization (min), multi (Multiobjective optimization with the
following objectives), active/reactive power (P/Q).
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TABLE 2. (Continued.) Classification of discussed OPF-based reactive power markets. Devices: capacitor (cap), distributed energy resource (DER), electric
vehicle (EV), micro-grid (MG), synchronous condenser (SC), superconducting magnetic energy storage (SMES), synchronous generator (SG), wind turbine
(WT) Market clearing: area-wise uniform (AWU), pay-as-bid (PAB) OPF Method: differential evolutionary algorithm (DEA), evolutionary algorithm (EA),
genetic algorithm (GA), particle swarm optimization (PSO) OPF Objective: maximization (max), minimization (min), multi (Multiobjective optimization
with the following objectives), active/reactive power (P/Q).

insufficiently considers non-variable costs, which are espe-
cially relevant for reactive power. They propose a modified
nodal pricing method that adds additional availability pay-
ment and also considers contingencies.

From 2011 on, the research focus shifts from transmission
grids to distribution systems. Kargarian and Raoofat [39] as
well as Rueda-Medina and Padilha-Feltrin [47] add stochas-
ticity of wind turbines to the state of the art. Madureira
and Lopes [41] also consider micro-grids (MGs) as reac-
tive power providers and discuss aggregation of DERs.
Samimi et al. [48] focus on DERs as well, but also discuss
interdependencies with the active power market. They fur-
ther consider other grid operators as reactive power market
participants and add CO2 costs to the objective function.
Farahani et al. [42] discuss how EV charging stations can
participate in OPF-based reactive power markets. Later, they
expand their framework by multi-objective optimization [44]
and contingencies [43]. Mojdehi et al. [57] discuss optimal
participation of EVs in reactive power markets from the EV
operator’s perspective.

Khandani and Foroud [51] propose a joint reactive power
and reactive reserve market. Toulabi and Samimi [56]
advance this research direction by considering reliability and
outages or reactive power providers in the optimization by
using a Monte-Carlo simulation.

From 2017 on,multiple publications propose combinations
of reactive power markets and reactive power pricing (see
Section II-B for distinction): Sahraie et al. [54] question if
conventional pricing methods like uniform or PAB pricing
are actually the best choice for reactive power markets. They
propose a custom pricing scheme that incorporates the mar-
ket participants’ profits in the optimization, which results
in higher incentives compared to PAB and higher efficiency
compared to uniform pricing. In [58], the same authors pro-
pose a multi-objective optimization with arbitrary objective

functions, which enables grid operators to choose their own
preferences for their local reactive power market. Jay and
Swarup [55] propose a market clearing where providers are
not only paid by their EPF but also by their value for grid
operation. Ahmadimanesh and Kalantar [52] consider reac-
tive power losses caused by active power feed-in of themarket
participants in the market clearing, which increases fairness
of the market result.

The following publications are OPF-related but are quite
extraordinary by proposing unusual ways for reactive power
markets that are very different from the standard approach
presented at the beginning of the section. Lin et al. [49]
propose an interesting concept of a voltage control market
in disturbance situations where no reactive power is traded,
but the voltage deviation effect of it, which considers the
locality of reactive power inherently. Most of the previous
publications assume the grid operator to be market operator
and also the only purchaser of reactive power in a single
auction. In contrast, Biswas et al. [50] propose a double
auction approach where the grid operator is only market
operator but not market participant. Instead, units serve as
customers and/or providers, which makes the market non-
monopsonistic. Tamimi et al. [59] compare different OPF
formulations and especially the modelling of the reactive
power limits. They point out a trade-off between precision
and market efficiency on the one hand and computing time
on the other hand. Also relevant in the context of OPF-based
reactive power markets, Beagam et al. [60] propose a pure
DC Q flow model that is faster than a normal OPF. The
concept is similar to the DC-OPF that is often used for active
power market clearing.

In Table 2, the discussed OPF-based publications are listed
chronologically. The publications are classified by their grid-
level, considered reactive power providing devices, if reac-
tive power utilization or availability is remunerated, how the
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market is cleared, when bidding and market clearing happen,
and finally the objective function of theOPF andwhatmethod
was used to solve it. Often, the information is not explicitly
given. Especially the grid-level was often guessed from con-
text or derived from the benchmark system that was used. The
market clearing method could be derived from the payment
function to minimize. The times and intervals for bidding and
dispatch are often not discussed, indicated by the question
marks.

The table shows that most publications focus on transmis-
sion grids and SGs or SCs as reactive power providers. Only
occasionally, distributions grids and other devices like WTs
or EVs are considered. The paid service is mostly both the
combination of utilized reactive power and available capacity,
which probably results from the fact that most publications
adopt the EPF of Zhong and Bhattacharya [6], which con-
siders both in combination. In contrast, there is complete
disagreement regarding PAB, uniform pricing, or area-wise
uniform pricing. Other approaches like nodal pricing are
barely considered. Lots of publications propose a day-ahead
reactive power market that is cleared in hourly intervals.
However, it seems that most publications do not consider
such temporal aspects as relevant, since they are not discussed
in detail. Regarding the OPF, there is a trend visible from
conventional optimization methods to meta-heuristics and
also to multi-objective optimization.

B. NON-OPF-BASED MARKETS
Only few publications propose a market systemwithout using
an OPF to clear it.

Von Appen et al. [61] analyze the minimal costs for reac-
tive power in a micro-grid and for providing reactive power
to the upper grid. They use a central solver to compare
four different approaches to purchase reactive power: Capac-
ity (Availability) compensation, utilization compensation,
percentage reduction of distribution charge and an incentive
approach that penalizes certain power factors. They conclude
that the micro-grid is a good provider of reactive power to the
upper grid and that an availability compensation as well as an
utilization compensation send the right price signal.

Kumano and Kimiduka [62] describe an approach to price
reactive power for voltage regulation. Each PV system is
responsible to hold its grid voltage in the restricted limits.
As first step, it can vary its own reactive power supply or
demand. If this is not enough, it can either buy reactive power
support from the devices nearby or it is required to reduce
its own active power injection. Each PV system can offer
reactive power to the other ones. The monetary transactions
are only done between the PV systems and the price for
reactive power is fixed. They propose to calculate the price
based on possible grid side costs. The distribution system
operator (DSO) does not participate in this concept and only
profits from the system.

Koide et al. [63] proposed a real-time pricing scheme for
reactive power. The price is paid for utilization and is decided
close to real-time by the DSO. At a given price, each owner
of a distributed generator can decide if the generator should

deliver reactive power for that price. If the offered amount of
reactive power is not enough, the DSO can re-adjust the price.

Another interesting non-OPF-based market mechanism
was presented by Jay and Swarup [64]. First, the reactive
power providers submit their bids to the grid operator, which
then solves an optimization problem for the optimal non-
uniform price signal. In contrast to OPF-based approaches,
the price is then communicated to the generators, which set
their reactive set-points by themselves, based on that price
signal, leaving them more autonomy. Using a game theoret-
ical approach, the authors show that the approach induces
truth-telling behavior of the market participants and non-
negative profits. The market clearing is done in an area-
wise way, similar to [17]. However, Jay and Swarup discuss
that voltage-control areas considering only reactive power
are not sufficient due to potential coupling of active power
and voltage. They propose voltage-apparent power areas
instead.

C. GRID-LEVEL MARKETS
Most previously discussed publications propose local reac-
tive power markets where a single grid operator optimizes
reactive power procurement for its own system. However,
in future power systems, most potential for reactive power
will be provided by DERs in distribution systems while
TSOs will have difficulties to procure reactive power due to
decreasing number of large conventional power plants. Hinz
and Most [65] investigated the reactive power potential of
distribution systems for the transmission grid and found large
economical and technical advantages. This potential would
remain unused in fragmented local markets, where the coor-
dination of grid operators is not explicitly considered [66].
However, due to the locality of reactive power, a simple
aggregation or a central marketplace is not possible, because
reactive power procurement from DERs in neighbored sys-
tems must not result in local congestions there [67]. There-
fore, coordination between the providing DERs, the local grid
operator and the procuring grid operator should be consid-
ered, which requires multi-grid reactive power market frame-
works. That coordination is especially difficult if each grid
operator implements its own local market, which all may be
incompatible with each other. Besides the additional service
potential for the TSO, multi-grid markets would increase the
number of market participants drastically, which could partly
solve the problem of market power. Not only would that allow
for more providers of reactive power, but also for more than a
single customer. That may dissolve the monopsonistic nature
of local reactive power markets and increase social welfare.
Consequently, TSO-DSO coordination is another important
requirement for the design of reactive power markets and
ancillary service markets in general [8]. Also, the reactive
power provision of micro-grids can be relevant for reactive
power markets, as discussed by von Appen et al. [61].
Doostizadeh and Ettehadi [68] consider distribution sys-

tems as fictitious compensators connected to the superordi-
nate network. They propose repeated power flow calculations
to determine reactive power capability and an EPF for each
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distribution system as a whole. This way, distribution systems
can participate in the reactive power market of the superordi-
nate system, if it follows the EPF-basedmechanism described
in Section III-A. The approach of Pudjianto et al. [69] is
very similar, but uses repeated OPF calculations to deter-
mine the cost function and reactive power constraints at the
intersection point. They consider the reactive power providers
connected to the distribution grid as a virtual power plant.
However, the exact market rules remain unclear. The same
approach is used by Tang et al. [70]. In addition, they define
the TSO-DSO interaction in detail: First, the TSO sends its
reactive demand request to the DSO. Second, the DSO sends
a cost function of its system to the TSO. Then, the TSO
clears its local market, incorporating the DSO cost functions.
Finally, the TSO communicates the resulting reactive power
setpoints to theDSO,which then clears and optimizes its local
market. Therefore, it is a methodology to couple multiple
local reactive power markets. In their innovative publication,
Retorta et al. [71] consider a multi voltage level framework
where the TSO requests reactive power from the DSO, which
is then procured in a local reactive power market similar
to the standard OPF-based framework described in III-A.
Apart from the multi-grid aspect, they further contribute very
detailed descriptions of the market process and the commu-
nication, a close to real-time framework, a rolling window
market clearing, incremental bidding relative to the current
state of the system, and more complex bids than simple cost
functions to consider e.g. a limited number of asset switch-
ing actions. However, a complex multi-period OPF must be
solved repeatedly for a single market clearing, because the
results are discarded when a condition for the complex bids
does not hold. Further, payment of the TSO for the service
is not considered, which makes the approach economically
inefficient to some extend, because the TSO has no incentive
to request reactive power from distribution grids that provide
it cheaply.

All the above mentioned approaches assume a single point
of coupling between the distribution system and the trans-
mission system. None of them considers horizontal connec-
tion points, which would be relevant for the reactive power
exchange between multiple transmission systems. Also, none
of them considersmore than two voltage levels, which implic-
itly assumes that the whole distribution system from low
voltage to high voltage is controlled by a single DSO. Further,
the above discussed publications mainly propose solutions
how to couple multiple local reactive power markets with
the respective grid operator as market operator. In contrast to
that, Hillberg et al. [67] discuss the possibility of a single cen-
tral market place for flexibility in general, not only reactive
power. They also discuss requirements that must be fulfilled
for a multi-grid market framework, which are all applicable to
non-central markets as well, namely market access, liquidity,
information flow, and data security and privacy.

Most of the publications propose markets that are oper-
ated by the DSO, which aggregates the services to a central
TSO market. According to Gerard et al. [66], this is called a
local ancillary service market. They discuss four alternative

solutions how ancillary service markets at the TSO-DSO
interface can be operated. However, these are not considered
at all in the reactive power market literature yet.

IV. LITERATURE: MARKET POWER AND MARKET
MANIPULATION
While the previous section discussed different designs, the
following section focuses on the analysis of reactive power
markets considering market power, market manipulation, and
game theory for bidding strategies.

The aspect of market power was mentioned several times
already. Market power can be defined as the ability to hold
the price above the competitive level, exclude competitors
from the market, or to control the total output of the mar-
ket [72]. There is consensus that due to the physical system
constraints and entry barriers, exercise of market power in
energy markets is especially relevant and also difficult to
detect [73]. Due to the locality of reactive power and, there-
fore, the reduced competition, market power is an even bigger
problem in reactive power markets [74]. Chicco [75] even
states that the exercise of market power cannot be completely
avoided. Possible negative consequences of market power
are withholding of generation by participants, wealth transfer
from consumers to producers, decrease of market efficiency,
and welfare loss [7]. In the following, we discuss market
power in reactive power markets. For a more general review
of market power in energy markets, refer to [72] and [73].

Lots of indices to measure market power are discussed
in literature. However, due to the local and monopsonistic
nature of reactive power markets, standard market power
indices like the Herfindahl-Hirschman Index (HHI) [76] are
not directly applicable without adjustment (refer to [72] for a
comprehensive list of relevant indices in energy markets).

Alvarado and Overbye [74] discuss the application of the
HHI to measure the market power potential in reactive power
markets. They note that locality and grid condition should
be considered for market power indices and adapt the orig-
inal HHI to consider these two by calculating the voltage
sensitivity with respect to reactive power provision of each
generator. This way, the degree of market concentration at
specific locations of the system can be calculated. However,
they focus only on the capability of generators to manipulate
system voltage. Souza et al. [77] expand on that approach and
focus on the market power potential in relation to the system
condition. In their experiments, they found rising reactive
market power potential when system load increases. Using
the same approach, de Mello Honório et al. [78] propose the
countermeasure that grid operators should prevent players
with a high market power to connect new units to buses that
are already vulnerable to market power exercise. Chicco [75]
further expands the approach again by considering PV type
buses with constant voltage and the market share of the slack
bus, which were neglected in previous publications.

Souza et al. [77] introduce the concept of must-run gener-
ators, which are so important for grid operation that they must
provide reactive power in any case. Therefore, the grid opera-
tor is forced to procure reactive power from these generators,
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which gives them market power. Feng et al. [79] introduce a
market power metric that is based on must-run indices. They
also aggregate groups of generators that are controlled by the
same generation company. Further, they point out that not
only the voltage constraints should be considered in reactive
market power analysis, but also line loading and voltage
stability. Asgari et al. [7] compute another must-run index by
minimizing reactive power procurement. If that minimization
results in reactive power values greater than zero, that means
that the grid operator is forced to procure reactive power
for constraint satisfaction and that the respective generation
company holds market power potential.

While the previously discussed publications introduce
ways to measure market power or its potential, Oh and
Thomas [80] discuss an actual gaming strategy in which
market power can be used to improve profits on coupled
active and reactive power markets by strategic bidding.
Chitkara et al. [81] investigate exercise of market power by
modelling and optimizing not only the market operation
but also the bidding behavior of all participating genera-
tors. In their case studies, they simulate the consequences
of grid operator controlled generators, synchronous con-
densers, and caps on uniform reactive power price outcome.
Samii et al. [82] have a similar approach. They use a game
theoretic problem formalization to model the market partic-
ipants bidding strategy and use their willingness to change
their bidding strategy as an indicator for market power.

Soleymani [83] models the bidding behavior of agents that
participate in a reactive power market, considering a parallel
energy market. The author formulates the incomplete game
as bi-level optimization problem. The solution of that game is
the Bayesian Nash equilibrium, which considers uncertainty
about competitors’ bidding strategies. Zhang et al. [84] for-
mulate a non-cooperative voltage regulation game in a nodal
pricing setting. They consider the grid operator, suppliers, and
loads as actors and prove the existence of a Nash equilibrium.
Patel et al. [85] discuss that it is very difficult to find opti-
mal bidding strategies in reactive power markets, because of
the difficulty to estimate strategies of other participants and
because of the strong couplingwith the physical system. They
use Reinforcement Learning to learn optimal bidding, which
overcomes these difficulties, because no explicit assumptions
about other market participants or the energy system are
required. Wolgast et al. [86] train a Reinforcement Learning
agent as well to use controllable loads in a reactive power
market setting. The agent learns to induce constraint vio-
lations into the system to enforce reactive power demand.
This way, it manipulates the system in a way to increase
generators’ market power by making them must-run, which
increases their profit without changing the generators’ behav-
ior. They identify the hard constraints of the OPF as weak-
point that enables this strategy.

V. REAL-WORLD EXAMPLES OF REACTIVE POWER
MARKETS
While different concepts for reactive power markets are pro-
posed in literature, some countries already apply market-like

FIGURE 2. Settlement rules for voltage control in different countries [16].

methods to procure reactive power. Often, authors sum-
marize multiple existing real-world reactive power markets
when introducing new concepts in literature, e.g. Zhong and
Battacharya in 2002 [11] or Sirviö et al. in 2018 [87]. To our
knowledge, a comprehensive review of already existing reac-
tive power markets is still missing, but also out of scope for
this work. So, we will only provide a broad overview here.
The reactive power service is often structured in two parts.
In the first part, a lot of countries, e.g. Australia, France,
Germany, United Kingdom, New Zealand, Spain and Swe-
den, require specific types of power plants to provide reactive
power in a certain range. As the second part, additional
support is often arranged by using bilateral contracts like in
the UnitedKingdom by using some kind of tendering process,
e.g. an auction mechanism [88].

Currently, reactive power procurement lacks compe-
tition in different countries, e.g. Australia, the United
Kingdom, or the United States. The prices for reactive
power are dominated by administratively determined pricing
methodologies [89].

An overview of the procurement for voltage regulation is
summarized in Fig. 2 based on a review by the European
Network of Transmission System Operators for Electricity
(ENTSO-E) [16]. We already introduced the different price
settlement rules in Section II-C3. The figure shows a mixture
of different settlement rules that vary between the countries.
While some countries regulate the prices, others use PAB,
uniform pricing or hybrid price systems.

One example for a hybrid price system is Belgium. The
reactive power service in Belgium is structured in two parts:
primary and centralized control. Within the primary control,
power plants with a rated power of 25 MW and more need
to automatically supply reactive power in a certain range to
support voltage regulation and are paid for reactive power
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availability based on a regulated price [90], [91]. The cen-
tralized control is based on a tender process where the best
bid, based on financial, economic and geographic terms,
is selected [90]. The units get paid a fixed price for installing
IT and technical adaptation as well as an utilization price for
each Mvarh [92]. Both services are based on at least one year
contracts.

VI. TRENDS, RESEARCH GAPS & RECOMMENDATIONS
In the following, we discuss trends in reactive power market
research, identify research gaps in the literature, and derive
some general recommendations for future research in the
field.

A. TRENDS
From the general trends in the energy system and the literature
overview in Section III to IV, we can derive some trends for
reactive power market research.

1) SMALL DERs
The most important general trend is the transition towards
smaller units that are connected to the distribution systems,
e.g. wind turbines, PV systems, EV chargers, and so on. Also,
these units often have a high controllability in the sense that
they are very dynamic and that active/reactive power are not
highly coupled with each other. However, their availability
is highly fluctuating and often depends on external factors
like wind speed, solar radiation or user behavior. With regard
to reactive power markets, that requires markets and opti-
mization algorithms that consider uncertainty, which is an
important trend of the recent years, considered for example
by refs. [38], [47]. The fluctuating availability also results
in a trend towards shorter time-scales of ancillary service
markets [93]. However, according to Table 2, that trend is not
visible in reactive power market literature yet.

2) DISTRIBUTION SYSTEM
Most of the mentioned new reactive power providers are
connected to the distribution system. While older reactive
power market literature focuses mainly on the transmission
system, since 2011 more and more publications discuss the
possibility of markets on distribution level. That bears not
only challenges like smaller power plants, higher uncertainty,
or less available ICT infrastructure, but also allows for a large
number of new market participants and enables better local
reactive power provision.

3) MULTI-GRID MARKETS
While most new reactive power availability emerges on the
distribution level, reactive power availability in the transmis-
sion systems decreases. Consequently, another research trend
is how multiple local reactive power markets can be coupled
so that transmission operators can procure reactive power
from plants that are connected to the distribution system,
as discussed in III-C.

4) COUPLED ACTIVE/REACTIVE MARKETS
Also highly entangled with the trend to distribution systems is
the trend towards coupled active and reactive power markets,
because active power cannot be neglected when distribution
systems are considered. That complicates the implementation
of independent reactive power markets drastically. However,
these coupled markets are out of scope here. For an extensive
overview, refer to [5].

5) MANIPULATION
Another trend focuses on the market participants’ behavior
and how reactive power markets can be manipulated. While
older literature focuses mostly on metrics how to calculate
market power potential, a small body of recent literature
actually models and optimizes the bidding behavior of the
participants that can be expected to result from the given
market rules.

B. RESEARCH GAPS
The literature overview in Section III and IV demonstrates
that reactive power market literature is mainly focused on
OPF-based market designs and on the advancement of the
OPF for market clearing. Other relevant aspects receive only
little research attention, resulting in some serious research
gaps.

1) AUTONOMOUS ACTORS
The most important research gap is the lack of attention to
the market participants, i.e. the reactive power providers. In a
free market, the market participants need to be considered as
autonomous actors that aim to maximize their overall market
profit. However, most mentioned market design publications
do not consider profit-maximizing bidding behavior. Instead,
market participants mostly bid with a fixed cost-based EPF.
This way, the quality of the market design can hardly be
assessed.

2) PRICING
A resulting research gap is the open question whether uni-
form or pay-as-bid pricing should be used in reactive power
markets [37]. Both approaches are used in roughly half of
the publications and in both cases the respective authors
claim that their approach is superior by preventing exercise
of market power, e.g. [19] for pay-as-bid and [6], [37] for
uniform pricing. A systematic comparison of both approaches
under consideration of the respective resulting rational bid-
ding behavior would be necessary to explore which approach
better addresses the specific challenges of reactive power
markets. However, there is also the possibility that none
of the standard approaches is best and that custom pricing
mechanisms are required for the very special case of reactive
power markets.

3) GAMING
In a similar fashion, a systematic search for the possibility of
market power exercise and gaming strategies is necessary to
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rule out the possibility of undesired incentives. Game theory
and Reinforcement Learning are possible approaches here,
as shown in [83] and [86] respectively.

4) MECHANISM DESIGN
In general, mostmarket design publications only superficially
explain and justify their choice of market rules. Again, a sys-
tematic comparison of design decisions would be helpful to
determine optimal market rules, under consideration of the
rational bidding behavior of all market participants. This gap
can be clearly seen in the lack of cited market design, mech-
anism design [94] and automated mechanism design [95]
literature. Mechanism design is the search for game rules
that achieve some objective although all participating actors
are self-interested. Similarly, almost no publications from the
fields of market theory or smart markets [96] are cited. Smart
markets are pool-based periodic auctions that are cleared by
optimization algorithms under consideration of constraints.
Thus all OPF-based reactive power markets belong to this
category.

5) GRID-LEVEL MARKETS
In Section III-C, we discussed the small body of literature
focusing on grid-level reactive power markets. Although the
interest in this research area has grown since 2019, there
are still lots of unresolved questions, for example how to
deal with multiple coupling points, how to communicate the
highly non-linear cost function, or how to deal with horizontal
coupling points between multiple grids.

6) REAL-WORLD TRANSFER
The overview of proposed market designs in Section III in
comparison to the real-world overview in Section V clearly
demonstrates that there is also a large gap between research
and the real-world. While the literature since the 1990s
focuses on OPF-based market designs, such reactive power
markets seem to be not used in practice yet. However, the
reason for this gap is not obvious. One question that most
reactive power market publications neglect are the actual
requirements necessary for the implementation of a reactive
power market, e.g. regarding communication, accounting,
regulation, etc. Another notable point here is certainly the
lack of ICT infrastructure and automation – especially in the
distribution system – that would be required so that not only
large power plants can participate in reactive power markets.

7) MARKET OPERATOR
Besides these clear research gaps, we see some implicit
assumptions in the literature that are barely challenged. Most
market design publications seem to assume that the grid
operator defines the market rules and acts as market operator.
This assumption gives a lot of power to the grid operator, who
has monopsonistic market power anyway. Advantages of this
assumption are that the grid operator can define optimal mar-
ket rules and objective functions for grid stability. However,
it can be expected that the grid operator will be favored by
the resulting market rules, compared to the other participants.

That could be negative regarding overall welfare and reduce
incentives for reactive power providers to invest. On the other
hand, it may very well be impossible for a third-party market
operator or regulator to find optimal market rules, because
of the tight coupling between reactive power markets and the
physical energy system.While most publications assume that
market rules can be applied to all kinds of power systems,
Wolgast et al. [86] suspect that market rules for local markets
have to be designed in a grid-specific way to consider its
respective characteristics and regulations. If that is the case,
a grid model would be required for market design, which
again favors the grid operator to define the market rules.

C. RECOMMENDATIONS
We mentioned already that the reactive power market liter-
ature is quite one-dimensional. While the formulation and
solution of the OPF problem is often presented thoroughly,
other aspects are not discussed in detail. Because of this and in
addition to the previously listed research gaps, we would like
to point-out some loose recommendations what to consider
in more detail for future publications in the reactive power
market domain:

1) OPEN MARKETS
Most market designs consider only a small subset of reactive
power providers, often only synchronous generators (com-
pare Table 2). To reduce market power and to achieve optimal
reactive power procurement, future market designs should
aim for possible participation of arbitrary unit types that can
provide reactive power [6], [29], [36].

2) MODULARITY
The discussed publications all present market rules and OPF
objective function as a unit. However, grid operators that
implement a local reactive power market want to choose their
own objective function based on their own specific demands.
Consequently, reactive power market designs should be mod-
ular to allow for exchangeable and grid-specific objective
functions [58].

3) TIME-SERIED DATA
Most publications test their market design on a single grid
state. However, ancillary service markets must yield good
outcomes over the whole year. Therefore, it would be helpful
to test a new market design on realistic long-term time-series
data, if such data is available.

4) REGULATORY FRAMEWORK
As discussed before, by including information about the
assumptions regarding regulation, the comparability of the
approaches can be increased. Who is the market operator?
Which agents have which responsibilities and obligations?

5) TIME
Similarly, most publications do not discuss time aspects in
detail (see Table 2). When a new market design is proposed,
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it would be helpful to discuss when bids are submitted, when
the market clearing is performed, how long bids and market
results are valid, etc. A detailed example how this can be done
is ref. [71].

6) DATA FLOW
Most discussed publications do not explicitly state which
actors communicate which information with the grid oper-
ator. Since we consider multiple self-interested actors,
it should be explicitly discussed which information the par-
ticipants are required to share. Further, it should be discussed
whether the agents can be expected to share that information
truthfully. Finally, it could be stated which information the
market operator shares with the participants. For example,
none of the publications stated if the full market outcome –
i.e. all resulting prices – is communicated to each participant
after clearing. That information can be expected to highly
influence their future behavior. This requires standardization
of the information interfaces between the actors.

We are aware that each publication has its own focus
and that it is not sensible to always consider all these
points. However, we believe that future reactive powermarket
research would benefit significantly by consideration of these
recommendations.

VII. CONCLUSION
The current transformation of the energy system brings a
new demand for reactive power market research to procure
reactive power efficiently.With the goal to present the current
state of the art, we gave a general overview of reactive power
markets, their characteristics and relevant fundamentals. That
laid the basis for a comprehensive literature overview. Most
publications present reactive power market designs that are
cleared by solving an OPF. However, we also discussed non-
OPF-based markets, markets on grid-level, and methodolo-
gies how to analyze reactive power markets regarding market
power, bidding behavior, and market manipulation. After
giving a short overview of real-world examples, we discussed
trends, research gaps, and gave some recommendations what
to consider in future reactive power market research. Overall,
it can be concluded that past research is one-dimensionally
focused on OPF-based market design while other important
topics are strongly neglected. Further, the literature overview
showed a strong focus on how to solve optimization problems
while market aspects and the perspectives of market partici-
pants are not considered sufficiently.
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