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Abstract

Purpose of Review: The share of asynchronous inverter-based resources is

increasing in many electricity systems, displacing synchronous generators. This

leads to a decreasing level of system inertia, which threatens electricity-system

stability. This dynamic raises the question of how to secure sufficient levels of

inertia. One possibility is taking a market-based approach to incentivize the

installation of inertia-providing equipment. To this end, this paper reviews market

designs to reimburse inertia provision that are discussed in the literature.
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Recent Findings: We find five distinct market designs to remunerate inertia

that are discussed in the literature—bilateral negotiation, tendering, auctions,

bonus systems, and integrating inertia-related constraints into energy-market

models. In addition, there are other approaches that are not based on a market

mechanism—penalties, regulatory obligations, self-provision by electricity-system

operators, and redispatch. We examine current approaches that are employed

by Ireland, Great Britain, Australia, and Germany, which demonstrate the real-

world use of these theoretical designs. We assess the five market designs based

on their advantages and disadvantages.

Summary: We find that there is not a single market design that outperforms

the others vis-à-vis all market-performance indicators. Which market design is

suited best for a specific use case depends upon the particular circumstances.

A solely market-based solution may not be sufficient to secure electricity-system

stability and should be enriched with regulatory guidelines to mitigate the risk

of market failure.

Keywords: Inertia, market design, remuneration

Introduction

The electricity industry is seeing increasing penetrations of renewable resources, such
as wind and solar generation [1, 2]. In many cases, these resources are displacing fossil-
fueled or other thermal generation [3]. This dynamic may be favorable with respect
to the sustainability of electricity production and supply. However, electricity-system
stability may be threatened due to reduced inertia from the simultaneous retirement
of synchronous generation and its replacement with inverter-based resources [4].

Traditionally, synchronous (e.g., thermal and hydroelectric) generators provide
inertia to the electricity systems to which they are connected as a natural byproduct
of their having rotating masses in their rotors [5]. Conversely, most renewable gener-
ators provide no inertia, because the inverters through which they are connected to
electricity systems make them asynchronous resources [6].

It is technically feasible for resources other than synchronous generators to provide
inertia to electricity systems. Examples of such technology options include flywheels,
synchronous condensers, and asynchronous generators that use grid-forming inverters
to connect to electricity systems [7, 8]. However, the installation and operation of
these technologies entail costs. With few exceptions (e.g., the electricity markets of
Australia, Great Britain, and Ireland), resources are not remunerated for supplying
inertia. Given the growing need for new sources of inertia, policymakers, regulators,
and researchers are interested to determine how to remunerate and incentivize the
provision of inertia [5].

This paper surveys the pertinent literature and provides an overview of differ-
ent approaches to remunerate the provision of inertia. Although our focus is on
market-based approaches, we discuss non-market approaches also. We categorize
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the approaches and compare them based on a set of characteristics and perfor-
mance criteria. Our assessment shows that different approaches have advantages and
disadvantages, meaning that there is not a single approach that is superior to others.

The remainder of this paper is organized as follows. We begin with a discussion of
the role of inertia in maintaining electricity-system stability, sources of inertia, and the
growing importance of having remuneration mechanisms for the provision of inertia.
Next, we summarize existing and proposed market and non-market approaches to
remunerating or procuring inertia, and then summarize real-world case studies. Finally,
we discuss relative merits of different approaches, policy implications, and conclusions.

Role of Inertia in Electricity Systems

A generator that is synchronized to an electricity system provides inertia in the form
of the angular momentum of its rotor [4]. The inertia of an electricity system is the
total rotational energy of all of the generators that are synchronized with the system
[4]. This total rotational energy depends not only on the number of synchronized
generators, but also on their capacities. Ceteris paribus, a generator with a greater
generating capacity has a larger rotor compared to a lower-capacity generator. A larger
rotor has more angular momentum [8].

If there is an imbalance between real-time electricity demand and supply (e.g., due
to a generator tripping offline), the frequency of the three-phase alternating current
within the electricity system drops rapidly [4]. The so-called rate of change of fre-
quency determines how much time an electricity-system operator has available after
such a contingency to arrest the frequency drop [8]. Normally, the frequency drop
is arrested by bringing primary-frequency-response resources online [9]. The lowest
frequency that the current experiences following such a contingency is called the
frequency nadir [9]. Allowing the frequency to drop below a critical threshold can trig-
ger involuntary load curtailment, to avoid severe damage to generating units or an
electricity-system blackout [10]. Inertia reduces an electricity system’s rate of change of
frequency, because kinetic energy that is stored in the spinning rotors of synchronous
generators is absorbed or injected into the electricity system instantaneously when
an imbalance between electricity demand and supply occurs [6]. The reduced rate
of change of frequency [8] provides more time to bring sufficient levels of primary-
frequency-response resources online. Consequently, inertia plays an important role in
frequency control and electricity-system stability.

Figure 1 provides an illustrative example of the frequency drop and restoration
following a contingency. The solid curve illustrates a typical frequency change that
results from a contingency, with an immediate drop as soon as the contingency occurs.
The slope of the dashed line that is tangent to the solid curve during the moment of the
contingency gives the initial and maximum rate of change of frequency. The solid curve
shows that the frequency drop is attenuated—first through the electricity system’s
inertia. Eventually, as primary-frequency-response resources are brought online, the
rate of change of frequency decreases further and eventually the frequency begins to
rise from its nadir, which is denoted as fnadir in Figure 1.

3



Fig. 1 Illustrative frequency drop, rate of change of frequency, and frequency nadir of an electricity
system following a contingency.

Sources of Electricity-System Inertia

Traditionally, electricity-system inertia comes from the rotors of synchronized gener-
ators, many of which are fossil-fueled thermal plants [11]. However, some renewable
electricity-generation technologies (e.g., hydroelectric, biomass, geothermal, and con-
centrating solar plants) are synchronous generators that provide inertia [12, 13].

Another potential inertia source is a synchronous condenser, which consists of a
rotor and electric motor [14]. Unlike a generator, a synchronous condenser does not
have its own energy source with which to rotate the rotor. Rather, the rotor of a syn-
chronous condenser gains angular momentum by absorbing electricity-system energy
supply, which can be returned to the electricity-system as needed. Traditionally, a
synchronous condenser is used for voltage-control purposes. However, a synchronous
condenser provides a relatively small amount of inertia (when its rotor is rotating).
Coupling a synchronous condenser with a flywheel, which makes its rotor more mas-
sive, increases the inertia that it provides [12, 13]. Moreover, the rotor of a retired
synchronous generator (e.g., a coal-fired power plant) can be retrofitted to function as
a synchronous condenser [15]. As another alternative, a flywheel-based energy-storage
system is functionally analogous to a synchronous condenser, because it is designed
specifically to store energy in the form of angular momentum [16, 17].

As of the time of writing this review, the vast majority of inverter-based resources,
such as photovoltaic-solar and wind generators and battery energy storage, do not
provide inertia [6]. This lack of inertia is because these types of resources are con-
nected to electricity systems using grid-following inverters, which do not contribute
to frequency stabilization [18]. As such, the stability of electricity systems that are
having synchronous generators displaced by inverter-based resources is threatened [4].
Consequently, there is ongoing work to design inverter controls to emulate the inertial
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response of synchronous generators. More specifically, this work is designing controls
that use electricity-system frequency as an inverter-control variable [6]. By doing so,
the resultant so-called grid-forming inverters emulate inertial response by injecting
energy into or absorbing energy from electricity systems during contingencies [18].
The inertial response of these grid-forming inverters often is called virtual or synthetic
inertia, because the response is emulated artificially [6].

In addition to designing and installing a suitable inverter—which is costly—using
an inverter-based resource for synthetic inertia requires that the resource operate below
its maximum potential power output [19]. Otherwise, if the resource is operating at
its maximum output, it is unable to increase energy supply to mitigate the frequency
drop that follows a contingency [20]. In the case of a photovoltaic-solar generator, this
reduced output is achieved by having the generator operate below its maximum power
point [19]. A variable-speed wind generator can operate below its maximum output by
decelerating its rotor [12, 13, 19, 21]. Alternatively, an inverter-based generator can
provide synthetic inertia by being coupled with energy storage [19, 22]. Either option
entails a cost to the resource—the opportunity cost of reducing output for the former
strategy and the capital cost of energy storage for the latter.

Virtual inertia relies on inverter-control actions, which create latencies that are
caused by the time that is required for the controller to sense and react to frequency
changes [12, 13]. Thus, a frequency drop will not cause an immediate injection of energy
from an inverter-based resource (as compared to a synchronous generator or condenser)
and virtual inertia does not behave in the exact same fashion that synchronous inertia
does. As such, it is unknown whether an electricity system with 100% of energy supply
from inverter-based resources that relies solely on virtual inertia is technically viable
and stable [12, 13].

Need for Inertia Markets

Until recently, there has not been a need for electricity-system planners or operators
to give explicit attention to inertia. This lack of need for attention is because inertia
is a natural by-product of electricity being supplied by synchronous generators [5].
The displacement of synchronous generation by inverter-based resources that do not
provide inertia is changing this dynamic [4, 23].

Although there are technical alternatives to synchronous generation for the pro-
vision of inertia, all of them entail pecuniary or opportunity costs. Synchronous
condensers and flywheel energy storage entail capital and operation and maintenance
costs [7, 15]. Grid-forming inverters tend to be more costly than grid-following alter-
natives, due to the former having more sophisticated sensing and control capabilities
[8]. Using a generator that is connected to an electricity system with a grid-forming
inverter for inertia entails an opportunity cost, because the generator’s output must
be below its technical limit [12, 13]. Finally, using a battery and grid-forming inverter
for inertia provision is costly [8, 24].

Consequently, there is a need for a mechanism to remunerate resources that provide
inertia, thereby incentivizing their installation and operation towards providing inertia
[25]. One option to this end, which is discussed in the technical literature, is a market-
based mechanism.
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Overview of Inertia-Market Designs

Table 1 summarizes five common inertia-market designs that are discussed in the
literature and by policymakers, comparing them vis-à-vis their methods of procuring
inertia, pricing the service, and how the settlement period is determined. Table 1 and
the following discussion are focused on mechanisms that have three key characteristics
that make them market-based [26]. First, inertia sources are free to determine whether
to participate in the mechanism and, if so, the extent of that participation. Second,
inertia sources are price-takers. Third, the quantity of inertia that is exchanged and
the price at which it is exchanged is determined by equilibrium between demand
and supply. Although the mechanisms assume equilibrium between inertia supply and
demand, in most cases demand for inertia is not price elastic. Rather, electricity-
system operators determine inertia needs based on reliability and stability standards
(e.g., limits on frequency nadir or rate of change of frequency) [27].

Table 1 Summary characteristics of market-based mechanisms for procurement and remuneration
of inertia

Mechanism Procurement Pricing Settlement
Period

Reference(s)

Bilateral
Negotiation

One-on-one negotiation
between inertia source
and electricity-system
operator

Determined bilater-
ally

Determined
bilaterally

[28, 29]

Tendering Electricity-system opera-
tor invites public ten-
ders with a scoring rule
(e.g., lowest price) to
select winning offer(s),
inertia sources submit
price offers

Selected offer(s) set
price(s)

Specified in
tender

[28]

Auction Inertia sources submit
price/quantity offers to
electricity-system oper-
ator, winning offer(s)
selected by merit order

Selected offer(s) set
price(s)

Specified in
auction

[29–31]

Bonus System None—payments to all
inertia sources that ful-
fill specified technical
requirements

Set by electricity-
system operator

Continuous [30]

Energy-
Market Model

Resources are dispatched
to provide energy, iner-
tia, and other services

Based on inertia
constraint(s) (e.g.,
limits on rate of
change of frequency
or frequency nadir)
in market model

Same as
energy mar-
ket

[5, 29, 32–36]
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Bilateral Negotiation

This market design involves bilateral, one-on-one negotiations between an electricity-
system operator and each inertia source. The negotiations are not transparent to the
public until they are concluded and a procurement contract is in-place between the
two counterparties. Consequently, individual contract conditions may differ. However,
the contractual period is usually multi-year.

Tendering

Tendering standardizes bilateral negotiation. Under a tendering system, the electricity-
system operator designs a standardized contract (i.e., with pre-specified terms and
conditions) and invites inertia sources to submit offers to provide inertia under the
contract terms [37]. Consequently, terms are known publicly a priori contracts being
awarded. Typically, the price that is paid to an inertia source is not specified in the
contract. Rather, each individual inertia source responds to a tender by specifying
a minimum payment that it will accept to fulfill the contract requirement. However,
depending upon the terms that are defined in the tender, offers from inertia sources
may need to specify other performance characteristics. After inertia sources provide
their offers, the electricity-system operator selects which offers to award, using a pre-
specified scoring rule (e.g., merit order of price offers) and winners are reimbursed
based on the contract terms and their offers and compliance with the contract. The
design of a scoring rule that has good incentive properties can be difficult if the inertia
sources specify characteristics other than cost. The electricity sector has examples of
poor scoring rules incentivizing market participants to misspecify their costs or other
characteristics to manipulate market outcomes and their own profits [38–42].

Auctions

Auction designs are derived from existing frequency-reserve markets that are employed
by European and other electricity-system and -market operators. Auctions are even
more standardized variants of tendering systems, with highly standardized product
specifications and technical requirements. It is common for auctions to have relatively
short procurement windows and market-clearing on a regular cycle (e.g., hourly hour-
ahead or daily day-ahead auctions). Most auctions have market participants submit
offers that specify a price at which they are willing to provide inertia. The offers
are sorted in ascending order of price to obtain a merit order [30]. Under a uniform-
price auction, the final (most expensive) inertia source within the merit order that is
awarded sets the market-clearing price for inertia. If the auction is perfectly compet-
itive, such a uniform-price auction incentivizes inertia sources to submit offers that
equal their marginal cost of providing inertia [43]. An alternate design is a pay-as-bid
auction, wherein each inertia source that clears the market is paid its own offered price.
Such a design incentivizes higher offers compared to a uniform-price auction. However,
the expected payments from the electricity-system operator to inertia sources is the
same under the two designs if the market is perfectly competitive [44]. Poolla et al.
[34] build upon the idea of a pay-as-bid auction by examining the design of an auction
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that uses a Vickrey-Clarke-Groves payment mechanism, which yields discriminatory
payments to individual inertia sources.

Bonus System

Bilateral negotiation, tendering, and auctions all involve an electricity-system operator
that procures a fixed quantity of inertia (e.g., based on an assessed need to sat-
isfy frequency-nadir, rate-of-change-of-frequency, or other inertia-related constraints).
Conversely, under a bonus system, the electricity-system operator remunerates all iner-
tia sources, regardless of whether a particular inertia source is needed to satisfy the
electricity-system operator’s requirement. Consequently, inertia supply does not influ-
ence directly the inertia price or bonus payment. Rather, the inertia price is set by
the electricity-system operator or by regulators. However, it is reasonable to assume
that the bonus payment undergoes long-term adjustment to ensure sufficient supply
of inertia, meaning that there is a feedback between inertia supply, inertia demand,
and the inertia price.

Energy-Market Model

So-called centrally committed electricity markets, which are common in North Amer-
ican jurisdictions, give the market operator the authority to make unit-commitment
and dispatch decisions for all generating units that supply a given electricity system
[45–47]. In most cases, the market models that are used to make these decisions co-
optimize the provision of energy and ancillary services by the generators (as opposed to
service provision being determined sequentially) [48]. These market models have mul-
tiple inputs, including electricity-demand and weather forecasts and electricity-system
(e.g., transmission and ancillary-service) requirements [49]. Generators submit supply
offers that specify their costs and physical operating limits. Based on these inputs and
offers, the models determine a cost-minimizing [5, 32, 33, 35, 36] or welfare-maximizing
[33, 50, 51] production schedule. Services (e.g., energy and ancillary services) are remu-
nerated using marginal prices that are generated by the market model (i.e., based on
dual variables that are associated with pertinent constraints) [52, 53]. Currently, these
market models do not represent inertia [12, 13].

Under an energy-market-model mechanism, inertia is represented explicitly in the
market model. Specifically, variables are added to determine inertia provision from
different sources and constraints are added to ensure that sufficient inertia is obtained
across the potential sources. These variables can be used to give inertia-provision
instructions to inertia sources. Dual variables that are associated with inertia-related
constraints can be used to set prices for remuneration. How the inertia constraints are
formulated affects the economic interpretation of the prices that they produce.

The dual variable that is associated with a rate-of-change-of-frequency constraint
gives the shadow price of relaxing the electricity system’s maximum allowable rate of
change of frequency [5]. Rate of change of frequency reaches its maximum during the
exact moment of a contingency. Because synchronous inertia reacts instantaneously
to a contingency, it is the only product that is able to influence the electricity sys-
tem’s maximum rate of change of frequency. Thus, it can be argued that the value of

8



synchronous inertia is represented best by the dual variable that is associated with a
rate-of-change-of-frequency constraint [5].

Conversely, because virtual inertia has an inherent short latency in reacting to a
contingency, it cannot affect an electricity system’s maximum rate of change of fre-
quency. However, virtual inertia will reduce an electricity system’s frequency nadir.
Consequently, the shadow price of a frequency-nadir constraint may be more appro-
priate for remunerating virtual inertia [35]. However, an electricity system’s frequency
nadir is influenced also by primary frequency response [5]. Hence, the dual variable
that is associated with a frequency-nadir constraint does not capture exclusively the
value of virtual inertia.

Proposed energy-market-model mechanisms involve inertia sources including in
their offers to the market operator any costs and physical limits that pertain to their
provision of inertia. These added offers are input to a market model, which determines
operating decisions and market prices. Paturet et al. [5] raise a question of how to
treat synchronous generators, which typically do not have any costs that are associated
directly with providing inertia. They conclude that the inertia-related dual variables
convey information about costs that are associated with virtual inertia only. However,
this issue arises in their analysis only because they assume sequential clearing of
the energy and ancillary-service markets. If the markets clear simultaneously using a
market model that co-optimizes provision of the two services, the inertia-related dual
variables will reflect the opportunity cost of synchronous generators providing inertia,
which is economically efficient [54].

Overview of Non-Market Approaches to Procuring
Inertia

This section summarizes four common non-market approaches to procuring inertia
and surveys their basic features.

Penalty

A penalty-based mechanism reimburses and penalizes inertia sources based on their
inertia constants [55]. Inertia constant is defined as the ratio between an inertia
source’s total inertial response and its rated capacity [12, 13]. Thus, inertia constant
measures the duration of time that an inertia source is able to maintain its rated power
capacity by injecting its stored energy as inertia [12, 13]. A penalty-based mechanism
imposes a penalty on inertia sources with inertia constants that are below the electric-
ity system’s average inertia constant, with the penalty based on the difference between
the resource’s and the electricity system’s inertia constants. Conversely, inertia sources
with inertia constants that are above the electricity system’s average inertia constant
are given supplemental payments.

A penalty-based mechanism incentivizes the installation of inertia-providing equip-
ment by inertia sources. However, the mechanism does not provide meaningful price
signals [7]. The poor pricing property is because penalties and payments are made
regardless of the electricity system’s aggregate inertia. For instance, if the electricity
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system’s average inertia constant is above the level that is required to meet reliabil-
ity and stability requirements, the system is overcapacitated with respect to inertia.
In such an instance, one may argue that inertia sources require neither penalties nor
supplemental payments, because the electricity system has excess inertia available.
One solution to this shortcoming is to relate penalties and payments to the difference
between the electricity system’s average inertia constant and the minimum inertia
constant that is required to meet reliability and stability requirements. With such a
design, a penalty-based mechanism and bonus system have some similarities.

Regulatory Obligation

Under a regulatory-obligation mechanism, all inertia sources are required to provide
a certain level of inertia, without receiving any financial compensation for provid-
ing the service [30]. Minimum-inertia requirements are set by a regulatory agency or
electricity-system operator. An example of such an arrangement is the planned reform
of the interconnection rules for German generating units, which requires that genera-
tors demonstrate an ability to provide inertia as a prerequisite for an interconnection
agreement [56]. Other examples include regulatory obligations at Quebéc, Ontario, and
Brazil for wind generating units to provide virtual inertia to their electricity systems
[57–59].

To maintain profitability, it is common practice for electricity-market participants
to reflect costs and expenditures in pricing the services that they provide. An example
is carbon-emission costs that arise from carbon taxes or emission certificates, which
are passed to electricity customers through electricity prices [60]. Consequently, it is
likely that inertia sources would internalize costs that arise from any inertia-related
regulatory obligation and include these in their energy and reserve supply offers.

Self-Provision by Electricity-System Operator

Another option is for an electricity-system operator to self-supply inertia [30]. Under
such an arrangement, the electricity-system operator owns and operates inertia sources
itself. Such mechanisms are common practice currently for German and Australian
electricity-system operators, and we discuss such arrangements as part of our survey
of real-world case studies.

Redispatch

As a drastic out-of-market intervention, an electricity-system operator can intervene
and change the unit-commitment or economic-dispatch decisions that are obtained
from the market-clearing process. The most common type of intervention is that
resources with low inertia capability have their dispatch reduced (or are de-committed
entirely) and their output is displaced by other resources that can provide more iner-
tia [28]. Such actions are costly, because most market rules provide for remuneration
to compensate resources that are affected by redispatch [28]. As such, redispatch
may be viewed as out-of-market action to yield a similar outcome to incorporating
inertia-related constraints into the energy-market model.
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Illustrative Case Studies

The aforementioned market and non-market approaches to procuring inertia are styl-
ized, in the sense that real-world implementations of inertia-procurement mechanisms
are hybridized combinations of these designs. We illustrate such hybrid designs by
surveying three existing inertia-procurement mechanisms and a fourth that is under
development.

Great Britain

During 2019, approximately 1.1 million electric customers, which represented about
1 GW of electric load, were disconnected from Great Britain’s electricity system
through an automated load-shedding procedure that is known as low-frequency
demand disconnection [61]. The root cause of the load curtailment was two generation
units disconnecting from the electricity system, which caused subsequent generator
disconnections as a protective measure against a sharp frequency drop [61]. The elec-
tricity system had sufficient inertia available during the event [61]. Consequently, the
generator failures and resultant load curtailment call into question whether Great
Britain’s electricity system is prepared to operate with a near-100% instantaneous
renewable-energy supply [62]. Inertia is a particular concern for Great Britain’s elec-
tricity system, because the system is not synchronized with that of continental Europe
and connected only by asynchronous high-voltage direct current links [62]. Thus, Great
Britain’s electricity system does not benefit from inertia of continental Europe’s system
[23].

As a result of this event, during 2020 Great Britain’s electricity-system operator
implemented a tendering system with which to procure inertia.1 The tendering system
resulted in six-year contracts with an aggregated value of £328 million being signed
with five inertia suppliers. A motivating concern of implementing the tendering system
is having the ability to maintain frequency if the electricity system has 100% instan-
taneous energy supplied from inverter-based renewable resources. Consequently, the
tenders require that inertia be provided only by synchronous condensers or by syn-
chronous generators that operate in ‘synchronous-condenser mode’ (i.e., they are not
supplying energy) [63].

Prior to implementing its tendering system, Great Britain’s electricity-system oper-
ator used redispatch to ensure sufficient availability of inertia. Redispatch tends to
increase electricity-sector carbon emissions, because most synchronous generators that
are connected to Great Britain’s electricity system are fossil-fueled. Moreover, redis-
patch results normally in these units operating at minimum load, which decreases their
operating efficiency [64]. As such, the tendering system is designed to accept offers up
to the estimated cost of employing the pre-existing redispatch system [63].

1https://www.neso.energy/news/national-grid-eso-outline-new-approach-stability-services-significant-
step-forwards-towards-zero-carbon-electricity-system
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Ireland

Like Great Britain, the Irish electricity system is not connected synchronously to the
continental-European electricity system, which means that the island is reliant com-
pletely on its own inertia [62]. This characteristic makes inertia a significant challenge
to achieve Ireland’s goal of renewable energy constituting 70% of its electricity pro-
duction before 2030 [23].2 Consequently, the electricity-system operators of Northern
Ireland and Republic of Ireland use a fixed tariff that is set annually to reimburse
so-called synchronous inertial response that is provided by synchronous generators
[57, 65]. The design of this remuneration mechanism is akin to a bonus system,
because payments are made only to synchronous generators that provide relatively
high amounts of inertia and have low minimum operating points. The rationale for
this design is to maximize the amount of inertia that is available while allowing for
non-synchronous generators (i.e., renewable generators) to provide power [57].

In addition to this existing scheme, Ireland’s electricity-system operators plan to
invite long-term tenders with multi-year commitments for a new inertia-related prod-
uct that is called low carbon inertia service [66]. This tendering scheme will procure
synchronous inertia, voltage control, and short-circuit current. As an initial implemen-
tation step, the electricity-system operators collected preliminary tenders through a
pre-qualification questionnaire during 2023 [66]. However, the technical specifications
of this product are not specified as of yet. The tendering provision will preclude a mar-
ket participant from drawing payments simultaneously for both synchronous inertial
response and low carbon inertia service [66].

Australia

As of the time of this survey, Australia’s electricity-industry regulator does not imple-
ment a standardized mechanism for remuneration of inertia. Instead, Australia’s
electricity-system operators are required to calculate continuously their minimum iner-
tia requirements and to procure inertia to meet these minima [29]. Current regulations
give Australia’s electricity-system operators freedom to determine how to procure iner-
tia [29]. Consequently, Australia’s electricity-system operators implement a mixture
of bilateral negotiation, tendering, and self-provision for inertia procurement [29, 67].
During 2020, Australian Energy Council initiated a petition to develop an auction-
based national inertia market, which is presently under assessment by Australian
Energy Market Commission.3

Germany

As of the time of this survey, Germany has no standardized mechanism for procur-
ing inertia. Instead, Germany’s four electricity-system operators employ three of
the aforementioned approaches to ensure that their systems have sufficient iner-
tia. One mechanism is bilateral negotiation, typically with the owners of retired
coal-fired and nuclear generating units, which redesign the rotors of the plants

2https://cms.eirgrid.ie/sites/default/files/publications/Shaping-Our-Electricity-Future-Roadmap
Version-1.1 07.23.pdf

3cf. Australian Energy Market Commission project ERC0339.
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to function as synchronous condensers [68]. A second mechanism is self-provision,
whereby an electricity-system operator equips existing synchronous condensers with
flywheels to increase their inertia constants.4 Finally, under extreme cases, German
electricity-system operators undertake redispatch [28].

Germany’s electricity-system operators pass the costs of ancillary services—
including black start, reactive power, voltage control, frequency response, and
inertia—to electricity consumers via fees called Netzentgelte that are incorporated
into wholesale electricity prices [69]. European Union Directive 2019/944 stipulates
that the procurement of inertia should be market-based. However, Germany’s pri-
mary electricity-industry regulator continues to suspend this requirement, by arguing
that the German electricity system has excess inertia, meaning that a market-
based procurement mechanism would yield prices that are zero [70]. Indeed, due
to the German and continental-European electricity systems being synchronized,
the former is not expected to face inertia shortages until at least 2030 [71], in
contrast to islanded electricity systems (e.g., Great Britain and Ireland) [23]. How-
ever, Germany’s electricity-industry regulator does envision scenarios whereby the
continental-European electricity system can be split into islanded zones (e.g., due to
limited transmission capacity), in which case one or more islanded zones with penetra-
tions of inverter-based resources may lack inertia.5 These concerns are exacerbated by
Germany having coal-fired and nuclear generators retiring [72, 73] and the relatively
low penetration of hydroelectric generation [28].

Given these anticipated challenges, Germany’s electricity-industry regulator is re-
evaluating the introduction of a standardized market for inertia [70]. The regulator’s
current plan (as of the time of this survey) is to implement a bonus system that is
accompanied by a regulatory obligation [56, 70]. The regulatory obligation ensures
a minimum inertia contribution from each resource, which will not be compensated
[70]. Inertia that is provided beyond this minimum requirement will be reimbursed
using a fixed price that is set by the pertinent electricity-system operator [70]. It is
expected that this price will be decreased over time, with the goal of incentivizing fast
deployment of inertia-providing equipment when the market is first implemented [56].
Moreover, the market will establish different inertia products with different remuner-
ation terms, which will be based on a facility’s available inertia and the activation
direction (i.e., whether it absorbs or injects energy) [70].

Relative Merits of Inertia-Market Designs

Informed by real-world experience and the extant literature, we summarize the relative
merits of the aforementioned inertia-market designs [29, 30]. We focus this assessment
around seven criteria: transparency, allocative efficiency, transaction costs, degree
of organization, discrimination, investment incentivization, and potential for market
failure. Transparency is the amount of information about market activities that is
available to the public [74]. Allocative efficiency ensures that a welfare-maximizing set

4https://www.amprion.net/Dokumente/Amprion/Innovation/Amprion-Innovationsbericht.pdf
5cf. filings with Bundesnetzagentur that pertain to Entwurf des Netzentwicklungsplans Strom 2035.
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of resources is used for the provision of inertia [75]. Transaction costs measure the dif-
ficulty of obtaining information, negotiating agreements, and enforcing contracts [76].
Degree of organization is the extent to which the behavior of market participants is
formalized by rules, norms, and regulations [30]. Discrimination is the extent to which
market participants are treated equally, with the same access to opportunities and
resources [30, 77]. Investment incentivization is concerned with efficient investment
in necessary inertia sources [30]. Market failure is a condition whereby the actions of
self-interested agents yield an inefficient or socially undesirable outcome [30].

Bilateral Negotiation

Bilateral negotiation does not require standardizing any of technical specifications,
operating protocols, provision schedules, nor contract periods. Thus, an electricity-
system operator has great flexibility to meet technical requirements [30]. Conversely,
this characteristic yields time-consuming and extensive negotiations, which is why
bilateral negotiation is impractical with a large number of suppliers [30]. Moreover,
inertia-source investors lack information about terms, conditions, and agreed prices,
which are necessary to assess the economic viability of providing inertia. Conse-
quently, bilateral negotiation has poor investment incentivization [29]. In addition, an
electricity-system operator will consider only a handful of providers—not necessarily
those that minimize cost—which yields allocative inefficiency [30].

Tendering and Auctions

Given a sufficient supply of inertia, tendering and auctions can yield allocative effi-
ciency. However, if an electricity system has scarce inertia supply, each inertia source
is pivotal, which gives these providers substantial market power [78]. If the inertia
sources recognize this, they may abuse their market power by submitting excessively
high supply offers, which is a form of market failure.

Relative to tendering, auctions have a very high degree of organization, neces-
sitating a narrow product definition to distinguish offers solely by their prices.
Conversely, tendering allows for bilateral renegotiation after the offering process has
been completed, which gives an electricity-system operator more flexibility to tailor
an inertia-procurement contract to specific technical requirements. Standardization
might exclude certain cost-efficient inertia sources that cannot meet a rigid product
specification. Consequently, an auction with a high degree of standardization may
harm allocative efficiency [30].

Tendering and auctions may have adverse effects on inertia-source investment.
Cost uncertainty might entice market participants to submit offers which, after being
awarded, do not cover the costs of providing inertia [30, 37], a phenomenon that is
known as Winner’s Curse [79].

Bonus System

A bonus system is particularly suitable if the necessary supply of inertia cannot be
predicted precisely and undersupply of inertia is a possibility. Because an electricity-
system operator fixes an inertia price which is independent of the electricity system’s
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inertia requirement, inertia sources have relative certainty about inertia-related rev-
enues. This characteristic may promote the development of inertia sources, so long as
the price is sufficiently high. The main shortcoming of a bonus system is its inability
to establish an efficient market equilibrium, because the price is fixed and all inertia
is reimbursed. Moreover, because the electricity-system operator does not obtain any
cost information from inertia sources, setting a suitable price is complicated. Indeed,
the success of the bonus model (i.e., its securing sufficient inertia and incentivizing
inertia-source investments) relies highly on setting the price at the right level [30].

Energy-Market Model

Integrating inertia-related constraints into the electricity-market model requires a
centralized electricity market design, making it only a suitable option for certain
energy-market designs [29, 80]. Shadow or marginal prices of inertia that are derived
from a frequency constraint yield allocative efficiency [36] and send transparent,
dynamic, and efficient price signals to suppliers [29]. However, bids contain only short-
term marginal costs [29], which may create problems around investment into inertia
sources with high initial costs [81]. One solution to such a problem is to add inertia-
related product to capacity mechanisms, which allows for scarcity pricing of inertia
services [48]. The high degree of organization that is entailed in integrating inertia
into an energy-market model causes high co-ordination effort and transaction costs
for regulators and electricity-system operators.

Discussion

Following from the aforementioned discussion, there is no single inertia-procurement
mechanism or design that is universally desirable in all contexts and electricity systems
and markets. Indeed, it is unclear whether a market-based mechanism is needed in all
cases to procure inertia. Consequently, combining different elements of the proposed
market designs and combining them with non-market approaches (e.g., combining a
bonus system with a regulatory requirement, as is the current proposed design for
Germany) may overcome the disadvantages of a particular market-based mechanism.

As part of designing the proposed mechanism for Germany, one of the electricity-
system operators employed a three-step approach [30]. The first step is to assess
whether the basic requirements for a market-based procurement mechanism for iner-
tia are met. The second step is to find a suitable market design that carries significant
efficiency benefits relative to a fully non-market-based regulatory solution. The third
step is to adapt the identified market design to the specific needs of the electricity
system and mitigate adverse market properties using regulatory measures. This three-
step process is the basis upon which the proposal to establish a bonus model that is
accompanied by a regulatory requirement is favored by the German electricity-sector
regulator [30].

A purely market-based approach to procuring inertia carries the risk of electricity-
system stability not being secured. This is one argument in favor of combining a
market-based mechanism with regulatory requirements, which provide the electricity-
system operator with the right to intervene to mitigate the risk of market failure or
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insufficient electricity-system reliability [30]. Such a hybrid arrangement is seen in
many of today’s energy and reserve markets.

Conclusion

Securing sufficient levels of inertia will be a growing challenge as electricity systems
see synchronous generators displaced by inverter-based resources. This challenge is
especially pronounced for islanded electricity systems. Sources of inertia will not be
cost free, which raises the question of how to incentivize and secure sufficient levels
of inertia. Consequently, market- and non-market-based approaches to procure inertia
are discussed in the literature and are beginning to be implemented in real-world
settings. We survey and compare five market designs that are discussed commonly in
the literature. We discuss also four non-market-based approaches to procuring inertia,
which are important, because real-world inertia-procurement mechanisms tend to have
hybrid market- and non-market designs.

The market designs have advantages and disadvantages vis-à-vis transparency,
allocative efficiency, transaction costs, degree of organization, discrimination, invest-
ment incentivization, and potential for market failure. Consequently, there is not a
single ‘best’ market design for all circumstances. Using a three-step approach, one may
find that a hybridized design that is tailored to the specific circumstances of a partic-
ular electricity system is ideal. Indeed, such hybrid designs are used in-practice by the
three existing and the one proposed inertia-procurement mechanism that we survey.

Future work should assess the relative merits of these market designs for specific
electricity systems. Such an analysis could include quantitative assessments of the
market designs, including market characteristics and performance indicators. Greater
emphasis should be given to the question of how to implement an inertia market in
practice and necessary steps towards developing a (near-)fully market-based solution.
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