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1. Introduction

Integrating renewable energy sources into electricity systems introduces challenges such
as intermittent power generation. These challenges are not only confined to energy procurement
but also impact grid stability, particularly in terms of frequency regulation. When frequency
disturbances occur, an immediate (sub-second) power exchange known as an inertial response
helps mitigate the rate of change of frequency. Traditional power generators like coal and natural
gas plants provide the necessary inertia to dampen frequency changes, but this feature is absent
in renewable sources. As renewables increasingly displace fossil fuels, the lack of sufficient
inertia becomes a concern for grid operators and policymakers.

This study examines the potential of battery energy storage systems in supplying
synthetic inertia, offering a fast-responding power injection to mimic traditional generators’
inertial response.

2. Motivation and Background

Electricity systems around the globe are experiencing significant changes due to the
increased use of renewable energy resources. In 2022, "some 300 GW of renewables were added
globally, accounting for 83% of new capacity compared to a 17% share combined for fossil fuel
and nuclear additions." (IRENA 2023) As existing power system infrastructure ages and as
variable renewable energy replaces baseline fossil generation, shocks to supply become more
common, heightening the need for grid products that ensure reliability. Having sufficient system
inertia is crucial to managing frequency disturbances.

In addition to providing frequency regulation and other ancillary services, a battery may
be able to provide an analogous signal to traditional mechanical inertia. A battery can inject
power very quickly where needed, with a degree of flexibility in ramping that even the most
flexible gas-fired units cannot achieve. Therefore, storage may be a promising device to address
multiple concerns around grid reliability. So far, existing storage devices tend to make a
substantial amount of revenue from such ancillary services (AS) rather than from energy
arbitrage. However, storage providers have also struggled to find it profitable to enter markets,
even ones with large amounts of variable renewable energy (Karaduman 2023). Research
showing additional value streams for storage or suggesting profitable strategies to operate across
multiple markets could prove helpful for both storage providers and system operators.

3. Related Literature

Many of the issues surrounding renewables' impact on energy markets, including power
intermittency, ramping constraints, and startup costs (Gowrisankaran et al. 2016, Reguant 2014,
Jha and Leslie 2020), are well-studied in the energy economics literature. The impact of
renewable generation on other grid services involving reliability, often referred to as ancillary
services, is less well understood. Buchsbaum et al. 2022 study spillovers between energy and



ancillary service markets, finding that exogenous policy changes concerning the ancillary
services market had important impacts on generators in the energy market. Likewise, the
economics literature involving energy storage focuses on storage opportunities for energy
arbitrage rather than for ancillary services. While markets exist for energy and grid services such
as frequency regulation, there are no market mechanisms for inertia.

4. Research Objectives and Questions

Our study has three related questions. First, when/how much inertia is needed, and how
has this evolved? Second, what is the cost of procuring synthetic inertia? How might a market
operator incentivize energy storage to provide inertia, and how does this compare to the cost of
investing in other technologies that might provide inertia, such as synchronous generators? And
third, what is the value of synthetic inertia that storage can provide compared to mechanical
inertia?

More broadly, we must also characterize how storage responds to a combination of
incentives from participating in multiple markets. Existing literature tends to focus on storage
behavior in the energy market but not on how it considers tradeoffs between energy and AS
markets. Existing work also often relies on simulated data, whereas we use real market price and
generator bid data for our models.

5. Institutions, Data, and Methodology

Australia's National Electricity Market (NEM) provides a uniquely good case study for
assessing the value of synthetic inertia. Australia has traditionally been mostly coal-powered, but
given excellent natural renewable resources, the transition to clean energy sources is rapidly
occurring (Lu et al. 2021). Renewable penetration is especially high in South Australia
(McGreevy et al. 2021), which has experienced grid stability problems and made international
news for using a Tesla battery project to improve grid reliability (McConnell 2018). But
although batteries may be important in the Australian energy transition, a lack of market rules
has so far seriously hindered adoption (Leslie et al. 2021).

We obtain four-second-level data for both energy and frequency control/ancillary services
(FCAS) from the Australian Electricity Market Operator (AEMO). These data include various
parameters (generation, frequency, power, etc.) for all major "elements" in the NEM (e.g.,
generators, interconnections, large loads). The dataset spans 2011-2021 and ~350 generators.

Using the four-second-level dataset, we flag an event of interest if there is an abrupt and
significant change in generation, which indicates a supply shock that may trigger an inertial
response. We define such an event as satisfying abs(change in generation) >20% capacity AND
>20MW across consecutive four-second time intervals. This allows for detecting spikes (a
sudden increase/decrease in output, which only occurs for a few seconds), a sustained jump
upwards in output, or a sudden drop, which may indicate an unplanned outage or failure. We are
most interested in large drops, as they tend to cause a reduction in frequency and induce a
significant inertial response.

We also obtain historical bidding data for the NEM. We record each power plant's price
and quantity bid schedules for each half-hour (which reflects the 30-minute settlement system of
the NEM until October 2021) to reconstruct the supply function for each time interval and for
each market within the NEM.



The existing structure of the NEM has several markets that run jointly to ensure a reliable
electricity supply. During most of the period analyzed, there was one energy market and eight
FCAS markets, which span from a few seconds to five minutes of contingency response. The
NEM separately prices raise AS (i.e., raising the frequency if it is too low when demand outstrips
supply) and lower (vice versa). In line with intuition about shortfalls in supply due to aging fossil
generation and new, intermittent renewable generation, raise AS markets tend to be more
valuable than lower AS markets. Two additional markets were recently introduced for fast
frequency response, which operates on a one-second level.

Inertia could be procured through the introduction of a new market. In our analysis, we
preliminarily explore one possible form of such a market via daily procurement of inertia from
batteries. By obtaining an estimate of the cost to incentivize inertia commitments from storage,
we then use this as a benchmark against the cost of alternative energy storage sources, such as
synchronous condensers.

5. Preliminary Results and Analysis

We find that the increase in renewable penetration has been associated with a sharp
increase in the number of frequency deviations outside the acceptable operating range in the
NEM. Thus, the renewable transition has decreased the supply of inertia and appears to increase
the demand for inertia in this market.
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In recent years, there have been notable demonstrations of the potential of batteries to
relieve grid instability. The Hornsdale Power Reserve in South Australia has reduced FCAS
Regulation costs by 90% and provided frequency stabilization when the state was islanded in
2019 (Neoen 2023).

We explore how batteries might allocate their capacity between energy and ancillary
service markets, finding that batteries generally participate more often in AS rather than energy
markets. In multi-year sample simulations of battery storage bidding in the states of New South
Wales, South Australia, and Victoria, the percentage of total battery revenue attributable to
energy market participation is just 5%, 10%, and 8% respectively. When we layer on a
hypothetical daily market for inertia procurement, we find that storage would have to be
incentivized by ~$500/MW each day to set aside even a quarter of its capacity on average for
inertia.



6. Discussion

Buchsbaum et al. found that focusing only on the energy market and neglecting to
consider spillovers with AS markets may lead to misleading conclusions and recommendations.
We confirm that this holds when considering energy storage behavior in electricity markets.
Storage does not charge/discharge in the energy market during every single interval, but it often
does participate in ancillary services even when its energy market participation is zero.

Our work underscores a larger point about the energy transition—the concern is not simply about
meeting demand at all times in the energy market; it also encompasses reliability and grid
services more broadly.

Inducing a battery to devote more of its capacity towards inertia means less participation
in energy or other AS markets is available. With its ability to participate in other markets
diminished, its revenue opportunities—especially its ability to respond to high-value events—are
curtailed. As a result, the incentives must be significant for storage to reserve its capacity for
inertia. Because inertia needs are hard to predict, this might lead to even more lost opportunities
for energy storage in real-world settings.

7. Future Work

Our analysis is ongoing, and we are planning multiple extensions to our work in the
coming months. The model applies a simple linearization to each bid curve to determine
storage's impact on market price. In the next phase of the analysis, we will instead use a
piecewise linear form to reflect the shape of the supply curve better. The existing optimization
also assumes perfect foresight as a starting point; therefore, our results so far represent an upper
bound. We plan to make our model non-deterministic to better quantify storage's realistic
revenue potential across energy and AS markets.

Although four-second-level data yields many insights, estimating the demand for inertia
requires sub-second data. Pending the release of this data from market operators, data at the 20-
ms level will allow us to improve our modeling of a prospective inertia market, as we can then
tie prices for inertia to demand for inertia.

The scope of this project currently looks at shocks to system supply. Consideration of
demand shocks would be an essential potential direction for future study.

8. Conclusion

We find that the need for inertia has increased over time alongside a rise in intermittent
generation resources. We can better estimate storage bidding behavior and the costs to
incentivize storage to provide useful grid products by employing empirical datasets.

Many electricity markets face novel challenges with the rapid transition to a renewable
energy future. Inertia is one such challenge, which has generally not been a first-order concern
for market operators in the US. We identify a market where reliability problems are inherently
more acute due to the physical shape of its grid, which has gone far ahead in the renewable
transition. This serves as a demonstration of what is going to happen to grids across the globe as
the transition ramps up.
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