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1. Executive Summary
The UK energy sector has been invigorated by the recent commitments to reach Net Zero
carbon emissions by 2050 (2045 in Scotland) and a fully decarbonised electricity system by
2035. In this context, BEIS’s 2020 Energy White Paper states that “...we must aim for a fully
decarbonised, reliable and low-cost power system by 2050.” It further expects “a potential
doubling of electricity demand and consequently a fourfold increase in low-carbon electricity
generation.” This requires a comprehensive rethink of how the UK power system, which is a
central enabler of the transition to net zero, is developed and operated.
While work is underway to facilitate the near-term replacement of fossil-fuelled generation
with renewable technologies, less attention is given to the end state – the operation of a fully
decarbonised power system. The Energy White Paper and associated policy targets (e.g., net
zero power system by 2035 and ending the sale of new petrol and diesel cars by 2030) create
clarity about our goals but they also highlight the urgency of delivering a practicable plan for
key sectors and in particular, the Great Britain (GB) power system.
The scale of change required in the GB power system planning and operational practices is
unprecedented. There is a need to identify the challenges and opportunities that a fully
decarbonised system will create; how they can be managed; and the key decision points in the
transition. Investment decisions taken today will form part of the net zero system and it is
therefore crucial to understand and assess their impact.
This report presents fresh thinking about the fully decarbonised power system and how it will
be operated. It focusses on some of the key parameters that make up system operation. The
qualitative analysis has been conducted as a series of thought experiments, looking at
paradigm shifts in system operation. The report is intended as a starting point to generate
conversation and debate – a comprehensive, industry-wide assessment of the end-state
operational requirements and approaches for a fully decarbonised grid is both urgent and
essential.
Key Findings

In a net zero power system, flexible demand could be shifted to
meet available renewable generation, rather than dispatching
generation to meet demand.
Today demand is mostly predictable, and generation is dispatched
to meet it. In a net zero system, generation and demand will be more
weather dependent and there will be new opportunities for flexible
demand, e.g. battery charging, EV charging, heat pumps and
hydrogen production, to be dispatched to use renewable
generation when it is available.
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A net zero system will no longer have access to bulk stored energy in the
form of fossil fuels and security of supply will need to be achieved by
alternative sources.
Consumers will become more dependent on their electricity supply due to
increased electrification and demand will become more weather dependent.
Securing supply during periods of high demand and low renewable output,
e.g. a cold winter, will require new forms of storage spanning months and
years.
Digitalisation and enhanced data will provide an opportunity to
use dynamic approaches to operability and move away from
deterministic rules.
Today a set of deterministic rules are used for system operation.
Increasing data collection and using more sophisticated tools will
provide the opportunity to use dynamic operability parameters in
real time, e.g. dynamic assessment of the risk of network faults.

Devices like Electric Vehicle (EV) chargers and heat pumps could support
system operation by automatically and autonomously responding to
frequency and voltage.
Net zero system operation can be supported by devices, such as EV
chargers and heat pumps, by enabling them to respond to frequency and
voltage signals. This would facilitate an automated response without the
need of central control.
Growth in renewable, asynchronous generation brings the
opportunity to reconsider the approaches and parameters used in
system operation.
Today system services are being used to replace the dynamic
behaviours synchronous generators provide. A net zero system
provides an opportunity to reconsider the technical parameters
considered within system operation, e.g. the relaxation of frequency
standards.
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The technological and societal changes that come with net zero present
opportunities for different standards and approaches to operability.
System operation is a product of the physical characteristics of the
network, what is connected to it and the standards expected from it, e.g.
security of supply. Societal, technological and political choices will interact
with each other and influence how the system is operated.

There will be many possible roles for energy storage in a net zero
system. The cost will depend on several interacting technical factors
including size, duration and how often it is used.
Storage costs will depend on technological characteristics, like
whether costs scale with power (MW) capacity or energy (MWh)
capacity, and roundtrip efficiencies. How the storage is used, and
how often it “cycles” will be very important in determining its
levelised costs. Storage that cycles very infrequently might cost
£1,000s or even £10,000s per MWh.

Further research is essential to stress - test the power system, the modelling
and economics of flexible demand, energy markets and the requirements for
and cost of storage in a net zero system.
Research and innovation are ongoing across the whole energy sector, which
will contribute to reaching net zero. Further suggested research includes:
•
•
•
•
•

“Stress testing” the system against extreme events, e.g. long periods of low
wind.
Interactions between weather and energy demand and the impact on demand
flexibility from heat and transport.
The economics of demand side flexibility to support investment, policy, operational
decisions and impact on customers’ comfort and wellbeing.
Net zero electricity system and alignment of electricity markets
The requirements for, and cost of, storage within a net-zero system.
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2. Introduction
The energy sector is going through a period of significant change as the world seeks to address the
climate emergency. The UK Government's 2020 Energy White Paper, ‘Powering Our Net Zero Future’1,
articulated its commitment to meeting the UK’s net zero targets. The White Paper alongside the
Prime Minister’s ‘Ten Point Plan’2 outline the opportunity for a green recovery from the Covid-19
pandemic and how the economy can be rebuilt through green jobs and industries. Key targets
include:
•
•
•
•

40GW of offshore wind installed on the GB network by 2030.
5GW of low-carbon hydrogen production capacity by 2030.
Banning the sale of petrol and diesel cars and vans by 2030.
Capturing 10Mt of CO2 per year by 2030 through carbon capture use and storage (CCUS)
technology.

The White Paper also states that “...we must aim for a fully decarbonised, reliable and low-cost power
system by 2050”. It predicts that this will require “a potential doubling of electricity demand and
consequently a fourfold increase in low-carbon electricity generation”. BEIS has subsequently
committed to decarbonise the electricity system by 20353.
A net zero power system will look very different from today’s system, with a huge diversification of
generation and other technologies, both established and new, connecting to the system. There will
be significant changes in demand patterns and in the consumers, companies and organisations
operating in the power system. This will have fundamental implications across the power sector, and
in particular for how networks are planned, designed, managed and operated.
This report is concerned with the approach to system operation necessary to deliver a net zero
carbon power system that meets the changing needs of consumers. Achieving this will result in a
fundamental change to the system’s operational characteristics and require wholesale change to
operability approaches, including the adoption of cutting-edge technologies and methods.
There is uncertainty regarding the pathway to a net zero power system and the final "end-state". This
report does not predict or prescribe either, in terms of the generation mix, geographical distribution,
demand patterns and the degree of electrification of heat and transport. However, the direction of
travel in key areas is relatively well known and therefore provides the backdrop for the analysis.
Similarly, the mix of methods and technologies required to operate the net zero power system is still
uncertain.
The focus of this report is on the operational characteristics of a net zero system and the challenges
and opportunities this presents.
The report gives a high-level description of electricity system operation, in section 3. It then
summarises what a net zero electricity system might look like in section 4. It then discusses six crosscutting themes which could pose challenges and opportunities in a net zero system, in section 5.
Section 6 explores the role of storage and section 7 concludes with opportunities for further research
and analysis.

1

https://www.gov.uk/government/publications/energy-white-paper-powering-our-net-zero-future
https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution
3
https://www.gov.uk/government/news/plans-unveiled-to-decarbonise-uk-power-system-by-2035
2
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3. What is electricity system operation?
Access to affordable, reliable electricity is a critical part of modern life. Power systems must continue
to be highly reliable and resilient. It is also essential to ensure that network assets are operated within
technical limits and tolerances, to avoid damage to the system and its equipment or danger to its
customers.
The Great Britain (GB) power system is one of the most reliable in the world, with the National Grid
Electricity System Operator (NGESO) reporting reliability of 99.999%. Reliability is a key part of the
regulatory framework that applies to NGESO, the electricity Transmission Owners (TOs) and the
Distribution Network Operators (DNOs).
The power system is not unique in its need for reliability and resilience. In the UK, the broader energy
sector is just one of thirteen “critical national infrastructure sectors”. Other sectors include finance,
transport, civil nuclear, and emergency services. Reliability and resilience for all these sectors is
essential; however, some challenges involved in ensuring it for the power system are unique. For
example, there tend to be particularly onerous demands and a strong emphasis on real-time
balancing.
Some of these challenges arise because electricity system responses to actions and events are
primarily dictated by the laws of physics, and in ways not always intuitive to human operators. For
example, for an alternating current (AC) electricity grid, once decisions are taken on the levels of
demand and generation at each node (location) of the network, the magnitude and direction of the
resulting power flows are determined entirely by the electro-magnetic physics of the network. In
other words, the currents and voltages may be calculated, but not chosen.
Analogous situations do arise for other physical infrastructure, such as gas and water networks;
however, specific challenges arise for electricity networks due to the operating parameters and
timescales within which operability actions must be taken. An electricity system needs supply and
demand to be matched perfectly in real-time, around-the-clock; variations in either must be balanced
on a second-by-second (and even millisecond) timescale.
Storing electrical energy within an AC system, for example with capacitors, has to date been
impractical and prohibitively expensive. Consequently, electricity storage tends to require conversion
to another form or energy vector – for example, gravitational energy for pumped hydro schemes,
kinetic energy within the angular momentum of synchronous and induction generators, flywheels,
and chemical energy within batteries. This contrasts with the gas network, where the pipes provide
significant in-built gas storage (i.e., “line-pack”). Gas balancing therefore tends to be concerned with
hour-to-day timescales, while the electricity system must concern itself with millisecond-to-day
timescales.
The next section gives a high-level overview of the typical role of a system operator (SO), the technical
objectives it will pursue, the physical parameters that affect network operation, the importance of
societal factors like obligations, markets, and incentives, and the operational processes a system
operator will use to deliver a secure and resilient system. Figure 1 below provides an overview of
system operation.
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Figure 1: Overview of system operability including physical parameters, markets and obligations,
operational practices, and technology
System Operator role and objectives
The GB transmission system operator (SO) is National Grid Electricity System Operator (NGESO). As
SO, it does not own any of the primary electrical infrastructure (e.g., overhead lines, cables,
transformers) on either the transmission or distribution networks. Its role is to ensure that supply and
demand always balance, and bulk transmission network4 power flows do not compromise the
security of the system. NGESO’s primary objectives are defined within its licence conditions and
further technical objectives are outlined under industry codes, e.g., the Grid Code.
GB distribution network operators (DNOs) are currently in a transition to a Distribution System
Operator (DSO) role, in which more responsibility for real-time operation, management and
balancing will be undertaken locally on distribution networks, in coordination with NGESO to ensure
the system remains safe, secure and balanced.
The technical objectives that a system operator will be required to fulfil include:
•

Matching demand and supply of power in real-time.

•

Preventing network assets from becoming overloaded.

•

Managing the voltages across the network.

•

Managing faults that occur on the system.

•

Ensuring that the system operates in a stable manner – with respect to both regular
fluctuations and all unusual disturbances that have a credible probability of occurring.

These technical objectives are closely aligned to the five key operability challenges NGESO identifies
in its 2021 Operability Strategy Report5: Frequency, Stability, Voltage, Restoration and Thermal.
Physical parameters
The technical objectives inform the physical parameters which a system operator must consider:
•

Matching demand and supply: Supply and demand must be matched in real-time, with a
total imbalance of 0 MW. This has historically been achieved by measuring and managing
the AC frequency, with a nominal target of 50 Hz. Large generators operate in-sync with
the system frequency, and changes in system frequency are opposed by the inertia of the
kinetic energy within these synchronous generators. The impact of a supply and demand
imbalance on frequency depends on the Rate of Change of Frequency (RoCoF), which is
inversely proportional to the system’s inertia.

4

Historically, the distribution networks have been designed to meet the largest credible load, meaning that relatively
few actions were required in real time operations. The move to DSO will facilitate much more active management of
supply and demand, allowing more energy to be delivered by the same assets.
5
https://www.nationalgrideso.com/news/operability-strategy-report-our-insight-zero-carbon-electricity-system
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•

Preventing network asset overloads: Electricity must be transmitted and distributed from
where it is generated to where it is consumed, and the assets that ensure this must be
operated within safety limits. This sets limits on how much current can flow within each
asset. Operating outside of these limits can lead to network safety issues as well as
premature deterioration of asset health. These limits have traditionally been deterministic
and pre-defined, the current carrying capacity of an overhead line or a transformer being
one such example.

•

Managing voltages: Voltage levels across the network must be maintained for safe and
secure operation. For most of the network this requires the management of reactive power
flows and a sufficient capacity of local sources and sinks of reactive power to support the
voltage level. This is necessary during both steady-state operation, but also dynamically
after the occurrence of a fault, as voltage issues can cascade and become more serious. It is
vital that the system is operated in such a way that it is secure from the possibility of such
events.

•

Managing faults: A system operator must take actions to ensure the system would be
secure in the event of an unplanned fault outage. Power flows are usually managed based
on post-fault contingency situations, after the loss of critical circuits. System operators
must also have plans for how they would restart the system (“black start”) in the most
extreme, but very unlikely, case of a complete nationwide blackout. Historically, system
restoration plans have relied on the presence of large, synchronous generators that can be
used to reenergise the system.

•

Ensuring system stability: A power system must be dynamically stable in the event of an
unplanned fault or loss of generation. The sudden loss of a large generator or demand
source can cause instability in frequency, while faults on transmission circuits could cause
instability in network voltages, or in the rotor-angles of other synchronous generators.
Traditionally, the properties of synchronous generators have automatically supported the
stable operation of a power system.

In many cases, several physical parameters relate to the same objectives – for example, a system
operator could monitor and manage supply and demand balance based on any combination of
frequency, inertia, RoCoF, and real-time power imbalance. The right approach will depend on which
technical issues are most pressing for system operation, and the mix of obligations, incentives and
market mechanisms that shape a system operator’s role.
Obligations, incentives, and markets
The physics of a power system is fixed. An SO’s obligations and the technical objectives and physical
parameters they are required to achieve are the product of legislative and economic decisions of
government, industry and the regulator, Ofgem. These are articulated through a combination of
primary legislation, industry codes and the regulatory incentives provided in price controls.
The fundamental Transmission System Operator (TSO) obligations are defined in primary legislation.
More detailed requirements are defined in industry codes, e.g., Grid Code.
•

Security of supply standards for transmission and distribution are set respectively by the
National Electricity Transmission Systems Security and Quality of Supply Standards (NETS
SQSS) and the standard P2/7. Internal standards and policies, defined and adopted by the
network companies provide further shape to operational practices.

•

NETS SQSS sets the approach for planning and operating the National Electricity
Transmission System (NETS) and the obligations and approaches for managing frequency.
8
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For planning timescales, Section 2, of the Design of Generation Connections, defines the
acceptable consequences of different types of secured events. For example, various types of
fault outage do not cause a loss of power which exceeds the infrequent infeed loss risk, which
is 1,800 MW. NGESO secures against losses of power of this level or less in real-time
operation, but larger losses are managed in planning timescales within the design of
individual generation connections.
•

In operational timescales, NETS SQSS sets requirements on how the system is operated by
specifying outcomes which are not permitted following different types of events on the
system. For example, the NETS SQSS defines secured events which should not result in steady
state frequency falling outside statutory limits, and also states transient frequency deviations
outside this range should occur with frequency, durations, and magnitudes that are
considered reasonable6.

System operators can also be encouraged to deliver beneficial outcomes through regulatory
incentives either above, or alongside, the standards and obligations in industry codes. For example,
DNOs tend to provide higher levels of security and resilience for Low Voltage (LV) networks than
would be required under the P2/7 standard due to the Interruptions Incentive Scheme (IIS) provided
by Ofgem under the RIIO-ED1 price control framework. The IIS can penalise a DNO if their customers
experience a loss of supply.
The extent of what an SO is required to do is also heavily influenced by the wider market and in
particular the wholesale market design. The wholesale market roughly balances supply and demand
but leaves a residual amount of balancing for the SO. The design of the wholesale market influences
how extensive this residual balancing role is and can help to make a system operator’s job easier. For
example, the use of imbalance prices and a capacity mechanism within the GB electricity market
simplify NGESO’s job as a residual balancer. Different market designs can result in a larger or smaller
balancing role for an SO.
Operational tools and processes
The electricity wholesale market design and the broader regulatory environment have a significant
influence on the “tools” a system operator has at its disposal. In GB, many operability tools are
provided by flexibility and technical service markets, extensions of the wholesale market.
Balancing Mechanism: The Balancing Mechanism (BM) 7 is the key flexibility market which NGESO
uses to balance the system in real-time and support other aspects of operability like managing inertia
and minimising the risk of thermal overloads. NGESO can adjust the intended positions of market
participants, determined through the wholesale market, through the BM by accepting bids to buy
energy (by decreasing generation or increasing consumption) and offers to sell energy (by increasing
generation or decreasing consumption). For example, if wind generation output is higher than
expected, meaning supply is higher than demand, then NGESO must accept bids to decrease
generators’ output.
The BM is supported by markets for balancing services, and further services which NGESO procures
bilaterally. For example, NGESO procures bilaterally a Short-Term Operating Reserve (STOR) service
to ensure there is sufficient back-up generation to balance the system if a fault which causes a

6

Starting in 2021, NGESO define the criteria for reasonable transient frequency deviations within a Frequency Risk and
Control Report, the first version of which was published in April 2021.
7
https://www.elexon.co.uk/knowledgebase/what-is-the-balancing-mechanism/
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generator to disconnect. NGESO has discretion to develop its own ancillary services markets, but
Ofgem and the wider industry are always heavily involved.
NGESO’s internal operational planning establishes an approach to use these operational levers to
balance the system and manage the network, in real-time, every day of the year, throughout the
entire day. There are additional technical constraints which affect this operational planning process,
such as a limit on how fast conventional generation can vary its output (also known as the ramprate), or the inability for synchronous machines to operate below a certain level (typically 30-40% of
their maximum possible output).
One of the operational levers used is to re-dispatch generation to ensure there is sufficient flexibility
and reserves to cover onerous but credible risks, for example, generation and demand forecast errors,
generation plant re-declarations, underdelivering against committed levels of output etc8. There will
typically be more uncertainty in this plan at longer lead-times, which means that NGESO will initially
need to hold more flexibility in reserve and may need to take action to dispatch this ahead of time if
generation cannot ramp quickly enough. As more information becomes available about factors like
weather, demand, and generation, then the volume of required reserve will decrease as real-time
approaches.

8

https://data.nationalgrideso.com/backend/dataset/b3c55e31-7819-4dc7-bf01-3950dccbe3c5/resource/4825afbc086f-498f-ba5e-c937496e7076/download/ngeso-transparency-forum-21-01-20-vdraft.pdf
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4. What might a net zero electricity system look like?
The UK has legislated a net zero emissions target to be achieved by 2050 and for the electricity
system, 2035. In the last ten years, the generation mix supplying the system has changed significantly,
with the large-scale deployment of wind and solar at all voltage levels.
Within the power sector, the Future Energy Scenarios (FES) produced by NGESO are a widely cited
set of projections of how the energy system could evolve. The latest set of scenarios produced in
summer 2020 provides three different pathways for reaching net zero, based on different levels of
the speed of decarbonisation and levels of societal change. Figure 1 and Figure 3 illustrate the
potential sources of electricity capacity and end user energy demand in each of these projections.
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Figure 1: Electricity capacity (GW) by type in net zero FES
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Figure 3: End consumer energy demand by fuel source in net zero FES
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These three scenarios provide some context as to what might characterise supply and demand within
a net zero GB electricity system. Even though there is still significant uncertainty as to how supply
and demand will look in 2050, these scenarios have been included to provide some context for the
discussion of potential operability challenges at net zero. These scenarios are not predictions from
NGESO of what will happen, but instead capture a combination of NGESO insight and modelling and
broader industry expertise and consensus about possible evolutions of the energy system. The
relative likelihood of these scenarios is unclear; however, the operability of the power system could
change significantly as changes and challenges emerge on the path to net zero.
As the figures show, a very large amount of our energy will be provided by weather-based
renewables, especially offshore wind, with all three scenarios featuring more than 80GW of offshore
wind in 2050. There is also much greater deployment of electricity interconnection with neighbouring
countries (more than 20GW), with interconnectors expected to be net exporters of electricity. In
addition, energy storage capacity, from a range of technologies including batteries, liquid and air
compression technologies, and Electric Vehicles (EVs), is expected to increase substantially. The
hydrogen thermal power stations have relatively low load factors of 10% - 20% in these scenarios,
which suggests that they are not providing baseload and are instead supporting the management
of peaks or shortfalls in weather-based generation.
All three of the net zero scenarios see fossil fuel generation phasing out almost completely by 2050.
There are still some sources of dispatchable generation in the form of either nuclear power stations,
Bio Energy with Carbon Capture and Storage (BECCS), biomass generators and hydrogen, but at
much lower levels than is currently the case. This presents a challenge to operability, which will
increase in future as average cold spell (ACS) peak demand increases. The ability to meet this peak
demand will need to be provided from other sources, most notably from demand side flexibility.
All three scenarios feature increases in total annual electricity demand, which is 30% to 60% higher
under these scenarios than in 2019. The drivers of this increase include the electrification of heat and
transport and the dependence on electrification for the manufacture of fuels such as electrolysis for
hydrogen production. This growth in electricity demand also increases the need for flexibility,
generation and demand that can flex to meet supply and demand needs. One characteristic of these
scenarios is the level of flexibility they exhibit. Figure 4 indicates the level of flexibility of that may be
available from different types of demand and highlights the significant increase over current levels.
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Figure 4: Flexibility sources in net zero scenarios
These scenarios all illustrate the extent of the changes facing the power system as it evolves towards
net zero, and therefore the significance of the operability challenge that will be faced by a system
operator in 2050. It should also be noted that, depending on the exact manner in which the energy
system and society more broadly evolve, the system could look very different to the scenarios
outlined here.
Despite the uncertainty, there are some broad themes emerging for the opportunities and challenges
that system operation is likely to face – these are: decarbonisation, decentralisation, digitalisation,
democratisation and dependencies. Such illustrative models are regularly used (particularly with the
first three or four headings) to describe opportunities for innovation and moving the energy system
towards net zero. These opportunities also introduce challenges for system operability and resilience
which must be addressed.
These challenges and opportunities are summarised in Figure 5.
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Decarbonisation: Continuing the increase in generation from inverter
connected variable renewable energy resources, with a substantial reduction
in carbon intensity achieved in the power sector over the last decade. This is
a whole economy challenge that will drive multi-vector and multi-sector
changes, including the electrification of heat and transport.

Decentralisation: Moving towards more geographically dispersed production
and consumption of electricity from renewable and other low carbon
generation. This will change the role of the DNO as more system operation
functionality will be required at a local level, including observability and
controllability of supply and demand and the management of risk.

Digitalisation: Becoming an enabler of system evolution and operation.
Three important aspects are data, analytics and connectivity, which in
combination can facilitate new approaches to operation and planning. This
also introduces new vulnerabilities, and cyber security protection will be
essential in design and delivery of future systems.

Democratisation: Impacting both customer choice and national and regional
governance. Consumers will beome increasingly active in both the
production and consumption of energy, owning and using a range of low
carbon technologies, including renewable generation, storage and electric
vehicles, and adopting other behavioural changes as suited to their needs.

Dependencies: Increasing dependency between the electricity system and
other aspects of infrastructure, society, and nature. Key concerns include the
increasing societal dependence on electricity, and the realtionships between
demand, supply and weather.
Figure 5: Summary of power system challenges and opportunities on the path to net zero
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5. What opportunities and challenges does this create?
In the previous section what is changing on the pathway to net zero has been summarised along
with five themes of decarbonisation, decentralisation, digitalisation, democratisation and
dependencies. This section uses this backdrop to look at six key operability parameters and how
these may change in a fully decarbonised system.

Dispatching demand to meet available generation

In a net zero power system, flexible demand could be shifted to meet
available renewable generation, rather than dispatching generation to
meet demand.

The electricity supply and demand mix are changing, driven largely by decarbonisation and
decentralisation. Decarbonisation will increase the dependence of generation and demand on
weather, making management of uncertainty more difficult. Traditional, generator dominated
solutions for flexibility will become insufficient as dispatchable fossil fuel power stations close.
Flexibility is a key requirement for operating any power system, and so a significant increase in this
from the demand side will be required. While electricity demand is likely to increase within a net zero
system, many of these new loads could be less time critical (compared to existing power demands
such as lighting and appliances like TVs). Customers might be quite willing to alter their EV charging
patterns, or heat pump usage for example, if this does not impact, their planned journeys, or cause
an uncomfortable difference in the temperature of their home.
To help address this challenge, it is helpful to consider the potential for changing the ways in which
demand and supply are currently treated in system operation. The differences between generation
and demand could be less pronounced in a net zero system. This means it is possible to adopt a
framework that conceptualises demand and generation in similar ways as their characteristics
become more similar. These characteristics and how generation and demand are treated in the future
will enable increased availability of demand side flexibility to the system. Figure 6 below illustrates
the potential of this change. In this diagram controllable means having the ability and mechanism to
change a generator or demand position. Predictable means how certain knowing what a generator
or demand position will be.
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Historic generation
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Renewable generation
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Figure 6: Predictable and Controllable – Diminishing Differences Between Generation and Demand
Concepts that have been critical in system operation such as “energy not served” and “loss of load
probability” may become less critical as, in a system with highly flexible demand, not serving some
energy demand (or at least, delaying it) will be a common practice. In this new framework in which
demand and generation are viewed as being much more similar, it is useful to categorise both as
either predictable or uncertain, and then either flexible or inflexible, as shown in Figure 7. This is
similar to the concept of “residual electricity demand” (demand minus renewable generation output)
that has begun to be used in some power systems research literature.

Power

Predictable

Flexible

Generation

Demand

Uncertain

Inflexible

Generation

Demand

Flexible

Generation

Demand

Inflexible

Generation

Demand

Figure 7: Categories of Generation and Demand
This reframing of supply and demand means that the way the requirement for system balancing is
expressed could be reconsidered. Instead of matching power supply to meet demand, the
predictable and uncertain components of both can be considered so that the imbalance between
them can be kept below a certain threshold to ensure operability, reliability and resilience.
This could be formulated as:
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑃𝑖𝑛𝑓𝑙𝑒𝑥 + 𝑃𝑓𝑙𝑒𝑥 ≠ 𝑢𝑖𝑛𝑓𝑙𝑒𝑥 + 𝑢𝑓𝑙𝑒𝑥 ) < 𝑟
Where 𝑃 denotes the predictable elements, 𝑢 the uncertain elements and 𝑟 is the appropriate
threshold, reflecting risk appetite (which is set either by operability standards or determined
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dynamically as an “optimum” level of risk). For example, if the risk appetite for imbalance in a
particular half-hour is 0.000005%9, then this might be expressed as:
𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝐵𝑎𝑠𝑒𝑙𝑜𝑎𝑑 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑎𝑏𝑙𝑒 𝑙𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝑎𝑛𝑑 𝑎𝑝𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑑𝑒𝑚𝑎𝑛𝑑
≠ −𝑤𝑖𝑛𝑑 𝑓𝑎𝑟𝑚 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔) < 0.000005%
This fully probabilistic formation of the basic balancing problem could be more suitable for a net
zero system, given the number of uncertainties that must be managed and the changing properties
of demand and generation. The approach is known as risk limiting dispatch and has been explored
in academic literature to increasing levels of maturity over roughly the last decade10.
This approach would benefit from more detailed thought about the economic drivers of demand
flexibility and the costs associated with it, in the same way that the fuel costs and requirements of
conventional generators are currently well understood, any barriers that remain for participation
could also be explored. Extensions to long-used concepts like Value of Lost Load (VoLL) could be
required, with VoLL for some appliances potentially being very low if customer outcomes such as
plans for journeys or home temperatures for example, are not affected, but then becoming very high
if they are.
Ultimately, this might require that system operators are capable of more directly accounting for the
true constraints on demand, e.g., the need to make specific journeys, and therefore able to take them
into consideration within operability decisions. This could require the involvement of aggregators or
automated intelligence to understand customer behaviour and expectations and manage this
interface.

9

This might in fact be the risk appetite for customer inconvenience, e.g. through interruption to planned EV charging,
or deviation from desired residential temperatures.
10
See, e.g., R. Rajagopal et al., “Risk-limiting dispatch for integrating renewable power,” in Int. Journal of Elec. Power
& Energy Syst., vol. 44, no. 1, pp. 615-628, 2013. Also: C. Peng, Y. Hou, N. Yu and W. Wang, "Risk-Limiting Unit
Commitment in Smart Grid with Intelligent Periphery," in IEEE Transactions on Power Systems, vol. 32, no. 6, pp. 46964707, Nov. 2017.
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Dependencies and seasonal energy security

A net zero system will no longer have access to bulk stored energy in
the form of fossil fuels and security of supply will need to be achieved
by alternative sources.

Customers in a net zero system will be more dependent on electricity supply to meet energy
demands as it supports more aspects of daily life. This could be a direct dependency (e.g., through
EV charging and heat pumps), or indirect (through hydrogen which could be produced from
electrolysis). Digitalisation of society more broadly will also increase this dependence, for example,
in a cashless economy, day-to-day retail will be reliant on electronic tills and card readers.
A net zero energy system will be much more dependent on weather, from the electrification of
heating on the demand side, and the use of weather-based renewables on the supply side. This could
increase the variability in system operating conditions when more extreme weather patterns arise,
such as in the “big freeze” of 1963. In addition, long term changes in the climate could lead to more
variability and extreme weather in general. It is therefore probable that the resilience of a net zero
power system could be harder to ensure than today, particularly over long timescales such as an
entire winter season.
Historically, the seasonal resilience of the power system has been secured through stores of fossil
fuels, and their supporting markets and supply chains. This largely comprised gas, stored in the
network, in storage facilities, or available in the market (e.g., in offshore reserves and LNG imports).
There is some feedback through market signals and prices, but to a significant extent, fossil fuels are
an external input to the power system. Unavailability of fossil fuel supplies is not explicitly factored
into the analysis which is used to set requirements for the capacity market.
Increased dependence on the electricity supply and on weather systems in a net zero energy system,
could create new interdependencies between different sources of power and energy. The operability
of the power system may depend on factors like the hydrogen stock, the state of electrical storage,
and our interconnection with neighbouring European countries. These parameters are also in turn
heavily dependent on the operating conditions of the power system. “External” inputs such as natural
gas, biomass, uranium and the weather will continue to impact the power system operability. But the
interdependency between the power system and the stores of energy it relies on for resilience could
be increasingly important, particularly for security of supply in unfavourable weather conditions.
Without urgent and significant reform, it cannot be taken for granted that a net zero system will
always be able to meet all energy demands over an entire season.
There are useful parallels that could be drawn with some late industrialising countries where power
system resilience can be dependent on some combination of: fossil fuels, with often uncertain supply
chains; interconnection with neighbouring countries; and pumped hydro storage. These power
systems are generally quite unreliable; are certainly very energy constrained; and there may be some
suppressed demand during every settlement period. There are also often complex socio-political
interdependencies that need to be addressed, for example, broader society may benefit from energy
being stored by pumping water behind a dam, while a specific local community might rely on the
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river for other purposes. Many of the concepts that are used currently within the analysis of system
adequacy in GB would not be relevant for power systems in late-industrialising countries, at least not
without significant refinement and it seems likely that similar conclusions could hold for net zero
systems. Figure 8 illustrates this, comparing historic power systems to a possible net zero power
system.

Coal and gas
supply
chains

Coal and gas
stocks

Market signals and dynamics
(a) Historic power systems

Power
system

Natural gas
Primary fuel
(uranium and
biomass)

Hydrogen,
storage,
interconnectors
Power
system

Weatherbased
renewables

(b) Net zero power system

Figure 8: Energy flows and feedback in historic and net zero power systems
The factors that affect and limit resilience of a net zero system could also be highly inter-dependent,
particularly due to persistent and prolonged weather patterns. This could lead to situations where
onerous conditions are in general unlikely, but if one difficult condition materialises, then other
related problems are much more likely to materialise as well. This is an example of “tail-dependence”
of risks. For example, prolonged periods of high pressure with low wind output and low winter
temperatures could result in increased power demand for heat. The use of hydrogen to make
electricity will make use of hydrogen stocks at the same time as hydrogen-based heat networks,
causing stocks to deplete. If such weather conditions were affecting a large part of Europe, then there
would be limited resilience provided by interconnectors.
An important question for such a system, then, is the extent to which operability should include
obligations to secure the supply of energy over an entire season or year, rather than just securing
the network and real-time balance of power. Situations where there is insufficient electricity for some
consumers to heat their homes, and prices rise extensively, may not be a politically acceptable
outcome. Instead, there could be a standard in a net zero system to ensure that some level of
electricity demand can be met, even in unlikely and onerous conditions like the big freeze of 1963.
The decision about what type of electricity demand should be secured, and what should be left to
the market is a political decision, but a system operator would probably have some role in making
recommendations, as NGESO does currently within the capacity market.
Capability for “stress-testing” the system is an important requirement, to enable industry to have a
robust understanding of what credible extreme demands might need to be served by the power
system. The solution for providing the required level of security is not obvious. Ultimately, this is
likely to come down to a trade-off between: (i) investing in extra system capacity, which is very rarely
required but is necessary to meet whatever obligation is imposed by society; (ii) some sort of
rationing to ensure that certain types of demand can be prioritised, perhaps utilising intelligence and
connectivity within appliances; and (iii) allowing the use of carbon-emitting generation during
extreme circumstances, with net zero emissions, or even net-negative emissions, in the long-run.
More detailed consideration is required to determine what might be acceptable during extreme
conditions.
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There is also a prospect that different electricity market designs could help to provide additional
security, analogous to inclusion of the capacity market within the current electricity market. For a net
zero system, this might lead to the emergence of more fundamentally different electricity market
designs11.

11

The different options for market reform are considered in Energy System Catapult’s Rethinking Electricity Markets
programme of work https://es.catapult.org.uk/project/rethinking-electricity-markets/
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Dynamic versus deterministic rules for operation

Digitalisation and enhanced data will provide an opportunity to use
dynamic approaches to operability and move away from
deterministic rules

A key aspect of operability is the management of uncertainties; digitalisation of the energy system
will enable potentially significant changes to the way in which this is conducted. More extensive
collection and sharing of data, and algorithms and tools that can leverage this data are required, as
considered by the Energy Data Taskforce and Energy Data Digitalisation Taskforce12. Digitalisation
will enable greater automation and efficiency within system operability, particularly for quantification
and management of risk, which may allow for existing deterministic standards to be reformed. This
could be important as the uncertainties in generation and demand become harder to manage.
Uncertainties include the level of electricity demand, or the output of weather dependent renewable
generation, but also more extreme “high-impact, low probability” outcomes like unplanned outages
of network components, or the sudden loss of very large generators that are providing power to the
system. A typical approach within system operability today is essentially to plan for these
uncertainties in investment planning timescales or operational planning timescales, by defining
deterministic rules.
In principle, these standards have been set based on considering the costs and benefits of the tradeoffs between the out-turn impacts of risks materialising and the costs of preventing those risks from
occurring. For example, the existing standards reflect a view that an “N-3” event13 is sufficiently
unlikely that it is not an appropriate investment to protect against it, either for system security or
safety. Therefore, current decision making already involves elements of probabilistic reasoning, which
are used to set deterministic rules, but this is often done informally, infrequently, and with
assumptions that are likely to be very subjective.
In the future, with a digitalised system, it is possible that these calculations could be conducted much
closer to real-time, and with less subjectivity. This would allow a more dynamic approach to
managing the system based on determining probabilities that reflect the current state and possible
short-term future states of the system. For example, it may be possible in the future to dynamically
assess the likelihood of an N-3 outage occurring, potentially based on extreme weather conditions,
such as very high wind speeds and lightning. This would involve a fundamental change in philosophy
from deterministic rules to dynamic assessment of risks and decision making with potential “on the
day” relaxation of constraints.

12

https://es.catapult.org.uk/project/energy-digitalisationtaskforce/#:~:text=The%20Energy%20Digitalisation%20Taskforce%20(EDiT,zero%20carbon%20emissions%20by%2020
50.
13
An N-3 condition in transmission network is defined as a circuit is on planned outage followed by a double circuit
fault reducing the transmission capacity by 3 circuits
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A shift towards this way of managing risk is already starting. For example, NGESO is considering how
it might be able to size reserves more dynamically14. Furthermore, changes to P2 that were discussed
as part of a review prior to the introduction of P2/7 could have led to quite a radically different
approach to managing distribution network security, such as the implementation of a “nondeterministic planning standard”, or even the complete abolition of the planning standard15.
As an example of a more dynamic, digitally enabled approach to managing risk, consider the
following scenario. A wind generator is curtailed due to a thermal network constraint and can provide
reserves, as illustrated in Figure 9. In this example, the initial curtailment of wind output is based on
the probability of an unplanned network fault. The generator can provide reserves if the probability
of being called on to provide reserves happening simultaneously with the unplanned network fault,
is below a risk threshold. Being able to interpret and act-on such patterns, and identify optimal
solutions, would be very (and probably prohibitively) complex for humans, but could be enabled by
a digitalised approach.
Wind output is initially curtailed below its available level,
due to the risk of overloading the circuits between the
zones in the event of an unplanned fault.
(This might be based on a dynamic risk assessment, or a
deterministic rule).
An algorithm determines (or
recommends) whether or not this wind
output could be used as reserve to
support wider system operation, based
on trading off interdependencies
between several connected risks.

The risk of different
wind conditions, will
co-vary with all of the
other risks that need
to be considered (e.g.
storms causing faults,
wind farm
persistence), as well
as the thermal
tolerance of the assets

The risk of the fault occurring
on the circuits (which
prompted the initial
curtailment).

The risk of losing the
power infeed from a
large power station due
to a fault, which would
trigger utilisation of
reserve.

First
zone

Second
zone

The risk of different levels of demand and
generation forecast uncertainty, which
influences the amount of reserve that might
be needed from the wind farms.

Figure 9: Dynamically managing risks of thermal constraints and reserves
Such an approach would require real-time assessment of the interdependent probabilities of several
factors including:
1. Sufficient persistent wind output behind the thermal constraint to provide reliable reserve.
2. Wind speeds not so high as to elevate the chance of an unplanned fault on the circuits that
cross into a different zone.
3. The effect that wind has on the circuits over the boundary to accommodate different levels
of current flow without adversely affecting the asset condition.
It is not certain that there will be advanced algorithms to be able to interpret and act on such complex
systems. It is likely that large amounts of data and computing power would be necessary, but this

14

TNEI is currently working with NGESO on a project about probabilistic forecasting, which has some relevance for the
dynamic sizing of reserves.
15
https://www.nera.com/content/dam/nera/publications/2016/151120_P2_Review.pdf
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could well be achievable in the timescales being considered for net zero. It seems likely that such
decisions will always involve a degree of subjectivity which will necessitate human expertise,
especially for critical infrastructure such as the energy system where system safety is crucial for
society, arguably more so than energy security.
This poses questions about the ethics of AI and algorithms for critical decision making, and whether
it will be possible and permissible for autonomous actions to be taken in such circumstances. There
are also important questions around detecting and managing failures in such systems that could
result from communications failures or breeches of cyber security.
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Decentralising intelligence to support operability

Devices like EV chargers and heat pumps can support system
operation by automatically and autonomously responding to
frequency and voltage.

In a net zero system, demand could be a key source of transient system flexibility, with many smart
appliances able to provide balancing services such as frequency regulation. EVs with Vehicle-to-Grid
(V2G) capability could have the functionality and architecture to respond in real-time to frequency
variation, based on market signals and dispatch instructions. With this type of capability, it is possible
that a large enough number of V2G-capable EVs, in combination with other managed loads such as
heat pumps, could nearly replace the inertia that is currently provided by synchronous generation.
While price signals could also be used, they would be subject to the following issues:
1. Price signals depend upon a market mechanism and a communication channel, either of
which could be compromised, delaying or preventing action.
2. If the actions are settled by standard half hourly metering, this will be too crude to establish
whether the actions were taken in a timely manner.
Efforts to standardise smart appliances to have such helpful capability and to be capable of
supporting grid operability are already well underway. The British Standards Institute (BSI) released
two standards for energy smart appliances in May 2021, with a view to enabling standardised control
either “in response to signals from grid-side actors” or “through electricity suppliers setting time of
use (ToU) tariffs”16.
This would mean that demand from smart appliances has the technical capability to provide useful
behaviour to the system which functions in a similar way to the inertia from conventional
synchronous generators. Another useful property of conventional synchronous generators is the way
in which that behaviour is provided: it is autonomous, without any need for any centralised
instruction, and is also completely automatic. In a synchronous system with inertia, the “intelligence”
that dictates how transient frequency disturbances are controlled is decentralised within the physics
of the individual rotating machines across the system.
This autonomous and automatic response, without the need for any centralised intelligence or
dedicated connectivity infrastructure, could be worth replicating alongside the more fundamental
technical electrical behaviour. This would involve embedding autonomous intelligence within the
control systems of different generation and demand technology to help automatically manage
important system parameters like generation and demand balance, or even the balance of current
across multiple phases. Behaviour could be tailored to suit the characteristics of the specific device;
for example, EVs and heat pumps could be designed to offer upward frequency response when
importing and downward frequency response when idle, with V2G able to offer both, depending on

16

PAS 1878 and PAS 1879, https://www.bsigroup.com/en-GB/about-bsi/uk-national-standards-body/aboutstandards/Innovation/energy-smart-appliances-programme/.
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the state of charge of the battery. Renewable generation could automatically provide high frequency
response when exporting at maximum power.
These control systems would respond automatically based on local measurements of parameters like
frequency or voltage, without the need for any centralised decision making or connectivity with the
devices. This could be provided constantly or could be set up only to happen in emergencies or
exceptional operating conditions. For example, EV controls could be set up to autonomously enter a
low frequency regulation mode, or be set to export power, if system frequency drops below some
threshold (for example, 49.5Hz), and remain in this mode until it reaches 49.8Hz. There are already
some technologies emerging internationally which could help to make this possible.
A further extension of this concept would be to embed this type of intelligence within devices on the
network itself, which would be analogous to transformer tap-changers. Like inertia from synchronous
machines, tap-changers autonomously and automatically help to regulate the operation of the
network, without the need for any coordinating intelligence from a centralised system operator.
Intelligent control systems could be embedded into devices like DC transformers or dynamic power
flow control devices. This could also extend the concepts explored within Electricity North West’s
CLASS17 project, which embedded “on-site intelligence” within transformers to support operability.
In principle, the capability and intelligence to experiment with different settings to learn about the
local network could also be embedded within devices. Each device could autonomously develop a
model of local electrical demand which would help future actions to be more efficient. Exchange of
data and models between devices, using peer-to-peer communications could help to make this even
more efficient particularly for meshed networks where power flows may be more complex, or for
networks where there are many such autonomous devices.
It is important to acknowledge, that this decentralised and autonomous decision making could be
much more complex than any of the single functions provided by either synchronous generators
(controlling imbalance) or tap-changers (controlling voltage). Some type of measurement and
control will be required, and there is potential for different devices to provide several different types
of helpful behaviour to support multiple different aspects of grid operability. Careful design will be
needed to ensure that this does not lead to unintended and unhelpful outcomes.
Embedding this intelligence autonomously throughout the network could reduce the need for
connectivity between different parts of the system. This could be beneficial for, for example, resilience
and cybersecurity, since there would be no opportunity for dispatch instructions to frequency
sensitive appliances to be hacked. This could also simplify real-time decision making processes for
operators by essentially solving some technical issues ahead of time in the design of these
autonomous systems. There would likely still be some challenges that would need to be solved in
real-time (analogous to the need for historic system operators to carry some frequency response
services even when the system had lots of inertia), but this could be significantly streamlined.
The prospect of using decentralised technologies throughout the system to provide these types of
grid services is certainly not novel and may even end up being essential; but in principle, this type of
decentralised intelligence could be mandatory, with a high cost incurred to enable it (designing and
implementing the necessary systems and algorithms), but then offering lower operational costs. This
could mean that the “services” that this decentralised intelligence provides to the grid is no longer
remunerated through any specific revenue stream. This is closer to the way the system has operated

17

https://www.enwl.co.uk/go-net-zero/innovation/key-projects/class/
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historically: the beneficial behaviours from synchronous generation have been provided to the
system for free, and there has not been a revenue stream associated with using transformer tapchangers to provide voltage control. There is precedent for this in other aspects of operability; for
example, the Accelerated Loss of Mains programme has involved upfront work to change how
embedded generators behave, leading to reduced operational expenditure on balancing services.
This trade-off would have to be considered against the loss of these revenue streams; for example,
by one estimate, V2G technology could potentially earn hundreds of pounds per year from grid
services18. Removing this (by making the provision of these services mandatory and autonomous)
would potentially change the business case for V2G and could introduce additional set-up costs. This
might be worth doing for GB energy consumers overall because these changes make system
operability easier and therefore reduce operational costs.
This report does not advocate for or against such an approach, as this would ultimately be the
outcome of a much more complicated and detailed social and political decision-making process,
drawing on more detailed analysis and assessment of costs and benefits; however, the questions this
discussion raises are worthy of further consideration and discussion.

18

See the “V2GB: Vehicle to Grid Britain” report, https://www.cenex.co.uk/app/uploads/2019/10/V2GB-PublicReport.pdf.
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Different technical solutions for system operability

Growth in renewable, asynchronous generation brings the opportunity to
reconsider the approaches and parameters used in system operation

The energy systems trends that are anticipated on the path to net zero might mean that very different
approaches to system operation become possible, and perhaps even become optimal compared to
the way the system is operated today.
Decentralisation results in there being large amounts of distributed energy resources of different
kinds spread throughout the whole country. Democratisation could lead to the development of local
system operators in different areas or at different levels within the system, as an evolution of the
Distribution System Operator (DSO) role. Decarbonisation will likely result in a large proportion of
our energy resources being connected to the network using power electronic inverters.
The challenges associated with widespread use of inverter-based resources (IBRs) is well documented
in academia and industry. IBRs do not contribute physical inertia to the system and lead to a
reduction in short circuit levels; both phenomena have been recently considered by NGESO within
its System Operability Framework19 and are discussed within its operability strategy report 20.
In a system with only IBRs, and no synchronous machines, the importance of system frequency within
operability could be very different. Frequency would no longer be bound by the physical constraints
of a synchronous machine. Much wider variation in system frequency could be tolerated within
operation as long as any imbalances between generation and demand can be managed. It would be
more important to ensure that frequency was stable, with RoCoF always as close as possible to 0Hz.
This might mean processes like restoring frequency back to nominal after a fault would not be
required, or at least would be less time critical.
While a net zero system will have a lot of IBRs, it seems likely that there will still be some generation
and demand which could benefit from a stable system frequency. Nuclear generators will probably
still benefit from operating synchronously with the network. Some factories and industries might
continue to rely on the speed of motors, even if drive-based machines become more common.
Frequency will also impact the network’s impedance which would affect power quality and losses.
There are also different types of inverters, each of which will behave in different ways. This includes:
•

Grid Forming Converters (GFMs), which are voltage sources, and can impose and support
both system frequency (by providing synthetic inertia to oppose imbalances) and system
voltages.

•

Virtual Synchronous Machines (VSMs) which are a sub-class of GFMs that have been
artificially designed to behave similarly to synchronous machines,

19

“Operating a Low Inertia System” and “Impact of declining short circuit levels”,
https://www.nationalgrideso.com/research-publications/system-operability-framework-sof.
20
https://www.nationalgrideso.com/news/operability-strategy-report-our-insight-zero-carbon-electricity-system
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•

Grid Following Converters (GFLs), which are a current source that synchronises to the
system and can contribute to maintenance of system frequency and voltage as long as
there is another frequency and voltage source elsewhere in the system.

The penetration of different types of IBRs, different types of loads, and synchronous machines, may
be different in parts of the country (due to renewable resource, prevailing land use, etc). This could
mean that a “one size fits all” solution for managing frequency may not be the optimal approach for
operating the system. Instead, system operation could leverage opportunities from decentralisation
and democratisation, with the system separated into several asynchronous zones, each with its own
local system operator (LSO) who is responsible for the operation of the zone. A national system
operator (NSO) would coordinate between these zones, and these asynchronous zones would be
connected via HVDC interconnectors or back-to-back stations. This is shown in Figure 10.

For example, zones with no large synchronous
generators can accommodate much wider
variation in frequency. Large renewable resources
can connect to “DC hubs”.

The network is separated into several
asynchronous zones. Each zone is managed by a
different local SO, and reflects the technologies
and requirements in that zone.
No synchronous generation allows for
wider frequency variation of 40 – 60Hz

Offshore wind connected to DC arrays
and DC transmission networks

Local SO 1

Offshore DC Hub

National SO

Local SO 2

Local SO 3

Large generator and motor loads
requires frequency closer to 50Hz

No synchronous generation allows for
wider frequency variation of 40 – 60Hz

There is HVDC interconnection between
neighbouring zones, with highly controllable
converter stations and FACTS technology.

A National SO ensures coordination
between zones e.g. managing flows across
DC links, pooling reserve requirements

Figure 10: Distributed framework for an AC/DC hybrid interconnected system
The LSO would manage local imbalances and frequency limits (as well as other technical objectives
such as voltage), which could potentially include managing further, smaller embedded local
aggregated systems. The LSO could tailor their approach to suit the conditions within the zone. A
system with some large synchronous machines and lots of factory processes might prefer a frequency
that stays closer to 50Hz, while zones with more IBRs could permit a much larger buffer (for example,
40-60Hz).
In extreme circumstances, these zones could disconnect completely and operate as islands, and
reconnect or reenergise neighbouring zones when needed. There is no need to resynchronise
frequency between these neighbouring zones after these extreme circumstances end.
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The individual zones would be coupled together using HVDC interconnection, which allows for a
high degree of controllability of power flow between zones. The NSO would coordinate between all
the zones. This coordination allows individual zones to pool risk together, which reduces the burden
on any individual zone to procure reserves and manage uncertainties (like the pooling of replacement
reserve across Europe that is being implemented within Project TERRE 21).
An alternative but similar approach could be to maintain a “whole” transmission network and connect
to various DSO networks at 132kV (33kV in Scotland) via DC links. This would provide DSOs with
more freedom of action in their own local areas while also preventing the creation of small
transmission networks with very large generators connected, Hinkley Point C for example.
This would represent a profoundly different approach to system operation. There are lots of technical
challenges that would need to be resolved and it is very uncertain whether the benefits of such a
radical change could be justified; however, this serves as an illustration of just how different the
power system could be by the time the energy system reaches net zero emissions.

21

https://www.entsoe.eu/network_codes/eb/terre/
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Societal drivers of operability

The technological and societal changes that come with net zero
present opportunities for different standards and approaches to
operability.

The outcomes delivered by system operation are strongly influenced and, in some cases, explicitly
directed by social and political processes. Societal attitudes and expectations influence political
agendas, which in turn shape the way in which the system evolves through, for example, investment
decisions for different technologies, funding and subsidies, climate ambitions, and development
across the wider economy. The process for restart following a total system shutdown is governed by
the physical requirements of the system, but the requirement that restoration must be achieved
within 5 days is governed by societal and political acceptance.
The influence of these societal “inputs” into power system operation cannot be understated,
particularly as the energy transition progresses and there are more “active” participants. Growing
uncertainties, such as the availability of long-term seasonal storage or customer behaviour patterns
with low carbon technologies, mean that in a net zero system, society might decide that it wants
system operation to deliver different outcomes, and this might strongly affect how system operability
is best delivered. Similarly, different mixes of technology for electricity supply and demand could
lead to very different operational practices. An important consideration here is that these decisions
are complex and inter-dependent; for example, changing operational practices could affect the
uptake of different technologies on the path towards net zero, such that policies and decisions that
affect system operability could in turn affect the ongoing development of the energy transition.
Currently key policy development and decision making around system operation is done
collaboratively, with BEIS, Ofgem and the network companies (particularly NGESO) all having
important roles. Depending on how the energy transition takes shape, and how these and other
organisations evolve over the next 30+ years, leadership and decision making may look very
different. It will continue to be crucial that power system operation has a suitable advocate to
implement social and political ambitions effectively into system operation processes and practices
for the overall benefit of stakeholders, customers and society as a whole.
There are several mechanisms through which beneficial outcomes can be encouraged. These
mechanisms include the design of electricity markets or through specific incentives (although the
definition of what is beneficial is inherently political and therefore variable in nature). For example,
incentives can be imposed to encourage beneficial behaviour from network operators, such as low
levels of interruption of supply due to faults on the distribution network, the Interruptions Incentive
Scheme (IIS). Electricity market design can encourage producers and consumers of electricity to trade
in a manner which simplifies the system operator’s task. For example, the current market design seeks
to ensure that NGESO has sufficient capacity to ensure supply/demand margins meet a specific
probabilistic standard of Loss of Load Expectation (LOLE) of 3-hours a year. In real-time, behaviour
that supports system operation is encouraged through imbalance pricing.
The complexity of the system means there is a limit on how far operability can be achieved by the
electricity markets alone. The system operator takes the inputs provided by the electricity market
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and modifies this so that it can be delivered while meeting the obligations or incentives introduced
by politics and society. The extent of its role depends on the design of the market. In the 1990s the
GB electricity pool meant the system operator was provided with a generation fleet and a schedule
of short run marginal costs, and from this it determined an optimal system operating plan. Now, the
system operator makes recommendations about the capacity mix (which government secures
through the capacity market), and then refines the intended generation and demand patterns that
market participants reach within bilateral forwards markets. In operating the system, the system
operator considers in greater detail the various complex and interactive technical parameters of the
network to which the market is otherwise “blind”.
Another significant aspect of system operability and resilience is the management of risk and
uncertainty, where centralised system operation means the risk exposure of market participants is
pooled together. This includes “day-to-day” as well as high-impact low-probability events, such as
unplanned faults on the transmission system. What level of risk is acceptable to protect against as
well as how these risks are managed, for example whether actions are taken well in advance to
protect the system from risk, or where dynamic management of risk is simplified with heuristics and
deterministic rules, are also social and political decisions. NETS SQSS requires that investment is
made in network infrastructure to protect against the risk of unplanned faults occurring in real-time.
Many ancillary service contracts are entered into in advance effectively as insurance policies.
Broader societal decisions also affect what power generation and demand technologies are available
which, in turn, influences operational processes and the way that codes and standards are developed.
Some technical characteristics of conventional generation are not ideal from a system operability
perspective, compared to a hypothetical, perfect source of power; these characteristics have
influenced some operational procedures, as a way of accommodating them. As the generation mix
changes, some of those accommodations may become unhelpful to efficient system operation. For
example, conventional generators have finite ramp-rates, minimum stable operating levels (for
example, 30-40% of rated capacity), and there are limits on the minimum length of time they must
remain synchronised after starting up. These technical constraints can lead to a need to run
conventional generation when it is not strictly required if it has already been “committed”. That is,
due to slow ramping rates, there is a need to instruct thermal generators to warm up and prepare to
connect far ahead of the assumed need, based on forecasts of future demand and renewable
generation that are generally far less accurate than they would be close to real time.
All of these aspects have affected the way in which operational processes have evolved to date, but
as both the system and society continue to evolve towards net zero some of these legacy standards
and processes and rules may no longer be appropriate mechanisms for ensuring operability. If
starting from scratch for a renewables-based system with instantaneously flexible demand, the
timing of market gate closures might be considerably different, and there may be several additional
opportunities to correct initial positions based on updated forecasts. Furthermore, while the laws of
physics that govern the power system do not change, differences in technology and patterns of use
can influence which physical parameters are more important for operability. For example, system
inertia was not as significant a factor in operability when all generation was provided by synchronous
machines, but this has changed with the proliferation of IBRs.
The way that ancillary services have been designed, procured and influenced by a number of factors
can also inadvertently favour some technology types over others. For example, the timescales for
procurement of firm frequency response (month-ahead) and STOR (seasonal, three times per year)
has prevented intermittent generation from participating in these markets as weather based
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renewable output cannot be predicted over these timescales22. These timescales are not inherently
required. NGESO is now increasingly procuring services at the day-ahead stage, with a new frequency
management service called Dynamic Containment which uses day-ahead procurement (launched in
October 2020), and a move to day-ahead procurement of STOR (in April 2021). Although intermittent
renewables are not yet participating in the day-ahead STOR or Dynamic Containment markets, wind
has been participating in the mandatory frequency response market (which is procured in real-time)
since 201823, and it is feasible that updated timescales could enable future use.
These examples strongly suggest that system operability is not (or at least, does not have to be)
technology agnostic. The practices that dictate how system operability is provided evolve in response
to the technologies which a system operator has at their disposal, as well as in response to political
ambitions and obligations. The design of these operational practices can also influence the way an
energy system evolves and which technologies emerge. For example, the introduction of the
Enhanced Frequency Response (EFR) service in 2016 coincided with a significant increase in the
development of battery energy storage technology in GB, and the EFR auction was ultimately very
heavily oversubscribed. It is impossible to definitively comment on the causal links, but it is
noteworthy that the design of the EFR service was well suited to battery technology. While
technology neutrality is certainly a common ambition for aspects of regulation – for example, it was
one of the stated aims in the design of the capacity market – it is worth further exploration of whether
system operability can ever be truly technology neutral. This could result in decision-makers actively
choosing to implement operational practices or standards that deliberately promote specific
technologies.
Figure 11 below summarises this discussion, and the interdependencies that exists between (i) the
development of practices and processes for ensuring power system operability and resilience, (ii) the
supply and demand technologies within the system, and (iii) the various policy ambitions, obligations,
markets, standards and incentives which apply to electricity supply and the energy system.
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“Wider Strategy for Flexibility from Intermittent Generation” NGESO (2020), available here.
See “On the participation of wind energy in response and reserve markets in Great Britain and Spain” Edmunds et al
(2019), available here.
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Operational processes can
evolve to accommodate
characteristics of important
generation technologies (e.g.
“unit commitment”).

Practices for
ensuring operability
and resilience

Operational processes might be
designed in a way that suits
some generation or demand
technologies more than others

Supply and demand
technology in the
energy system

Some aspects of operation
are directly mandated in
standards, e.g., the need
to contain frequency to
50Hz +/- 1%; or they
would be very expensive
to change e.g., system
voltage levels

Policy ambitions,
obligations,
markets, standards,
incentives

Societal and political
influences

Figure11: Interactions between technology, operability, policy and societal factors
All of these aspects could be changed significantly through broader societal or political processes to
help drive the transition to net zero, although it is important to recognise the very strong
interdependencies that exist. This makes it challenging to comment definitively on operability with a
net zero system, as the technologies, operational practices, societal obligations and market structures
could all look very different, as could the way decisions are made and changes implemented. It is
crucial therefore that the industry has a view of the direction of travel regarding for example, the
significant reduction in synchronous generation, such that potential issues and challenges can be
addressed in a timely manner, interdependencies can be managed, and the future system is fair and
open to all participants.
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6. Storage in a net-zero system

There will be many possible roles for energy storage in a net zero
system. The cost will depend on several interacting technical factors
including size, duration and how often it is used.

Easy access to large volumes of stored energy is essential for the operation of the power system. In
the current system, this largely comes from conventional thermal generation, from the energy stored
within the spinning mass of generators (which helps to balance frequency), to the energy stored
within the gas in the UK Continental Shelf (which helps to ensure demand is met over an entire winter
season). A net zero system will still need similar storage – in fact, due to additional volatility from
weather-based renewables and the electrification of heat it will probably need even more. Current
sources of storage, in the form of fossil fuels and how they are utilised today, are not consistent with
a net zero system. As discussed in previous sections of this report, it may even be possible that this
storage will need to be provided within a system which is “energy constrained” – system operators
cannot take it for granted that there will always be sufficient MWh whenever they are required.
Some of the roles that storage could fulfil arise due to specific features of the technology, such as
the ability to provide very fast voltage control through the extensive reactive power range of an
inverter or supporting system restoration through “self-starting” capability. However, many of the
key roles for storage arise from its more fundamental ability to balance energy supply and demand
out over different timescales. At one extreme, storage can help to maintain second-by-second
balancing, like the role currently provided by the inertia of synchronous generators. At the other
extreme, stores of energy are required over an entire year to fill the gap between renewable output
and energy demand.
In a net zero system, this energy could in principle be stored in nuclear fuel, biomass, or fossil fuels
that are utilised in tandem with carbon capture technologies. However, these technologies have their
own limitations – e.g., carbon capture cannot abate all emissions. It is therefore very likely that at
least some of the storage in a net zero system will need to be provided by charging batteries,
pumping water, compressing air or electrolysing hydrogen, rather than from an “external” fuel
source.
Orders of magnitude of storage requirements
Figure 12 below provides illustrations of the possible different orders of magnitude of stored energy
that the system may require over different lengths of cycle. Here, a cycle is defined as double the
duration over which the storage would be expected to produce energy – e.g., an annual cycle means
6 months are spent filling the store, and then 6 months are spent emptying it. These figures are
purely illustrative and a prospective approach for a more consistent and robust analysis is described
in the next section.
•

At one extreme, there is an annual cycle, which lasts for 8,760 hours. The estimate that
between 75 – 104 TWh of annual storage will be needed (from recent analysis by the
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•

•

•

University of Birmingham24), illustrates the required order of magnitude.
Some of this – perhaps even a large amount of this – could be provided by low carbon
baseload technologies (such as nuclear and biomass). Renewable generation will also help
to offset this – particularly wind, as there is a correlation between wind output and peak
demand. But the seasonal nature of demand, and the variable nature of renewables output
means that there will always be some level of imbalance that persists over an annual cycle.
Even this analysis of five years shows how needs can vary from year to year, and higher
standards (e.g., 1-in-20 or 1-in-50 years) would lead to larger storage requirements.
At the other end of the spectrum, there is a very short cycle lasting several seconds, over
which the supply and demand on the power system are balanced in real-time. The
minimum inertia requirement of 160 GVAs recently introduced into the NETS SQSS gives an
indication of the level of stored energy that is required for this real-time balancing. This
gives a minimum, year-round need for 44.4 MWh of stored energy over several seconds.
There is likely to continue to be a need for storage to smooth out daily patterns of
demand. Some high-level analysis of historic half-hourly electricity demand data from 2019
suggests that, on average, 100 GWh of storage would smooth out the daily load-curve. This
varies quite considerably from day-to-day, between ~40 GWh and 170 GWh.
Another possible role will be managing extended periods of low wind output. For example,
40 GW of offshore wind would be expected to produce approximately 2.7 TWh over a
week. Managing this as a cycle will be more challenging, as it does not follow a fixed daily,
or seasonal pattern.
One year - 75 - 104
TWh
Two weeks - 2.7
TWh

TWhs

One day - 100 GWh

GWhs

MWhs

Seconds - 44.4
MWh
10000

1000

100

10
1
Cycle length (hours)

0.1
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0.001

Figure 12: The varying system needs for storage, due to different levels of imbalance over different “cycle”
lengths

As some of these examples highlight, the system’s requirements for storage over different cycle
lengths can vary significantly. For example, for the “flattest” day in 2019, there would have been a
need for 40 GWh of storage to completely flatten out the daily load curve. But, on the remaining 364
out of 365 days this would not be sufficient. A further 130 GWh would be needed to flatten the load
curve for every day, and the final, 8GWh of this would only be used once per year. A similar result
emerges when comparing gas demands for average and severe winters. In general, each incremental
MWh of storage for a particular length of cycle will be used less frequently than the previous MWh.

24

Net Zero – Keeping the Energy System Balanced, https://zenodo.org/record/5172034#.YYjlzLqnyUn
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As discussed in previous sections, a net zero system could end up being “energy constrained”, which
will make it much more difficult to optimally manage storage. This is due to the need to consider the
entire “charging” and “recharging” cycle and what energy need the storage is providing., For
example, how quickly storage supplies can be “recharged” after a severe winter; if a system can
recover from a severe winter in a single summer, in most years there will be a significant surplus that
cannot be stored.
Storage requirements will change as the system evolves and the technology mix that contributes to
supply and demand change. Systems with different penetrations of wind and solar could lead to very
different imbalances and storage requirements, even if the average annual production is the same.
For example, a system with more solar will require more storage in winter to meet winter peak
demand when solar is not generating.
The figures shown all relate to system needs for storage at a Great Britain level. In principle, these
same imbalances could be managed more locally, e.g., within individual distribution network zones,
or even between households. This approach would suffer from reduced diversity of demand and
generation patterns and could increase the system’s storage requirements. Conversely, international
cooperation (through European interconnection) would be expected to reduce storage requirements.
This suggests that some types of imbalances will not be cost-effective to manage at a local level.
Costs of storage technologies
With the storage requirements identified, it is possible to start to match technology types and their
costs. Studies are published regularly reporting on capital and levelised costs of different types of
integrated storage. These are often presented as estimates of future costs, based on assumptions
about cost reduction. Different analyses often use very different assumptions and data sources,
which can make it challenging to compare on a like-for-like basis.
A comprehensive analysis completed by Jacobs in 201925 compared multiple storage technologies
(including lithium-ion batteries, liquid- and compressed-air, pumped hydro, and electrolysed
hydrogen). The costs in this report have been used as the basis for some additional analysis, which
is summarised in an appendix to this report.
The presentation of this analysis is intended to stimulate debate and discussion about the cost tradeoffs for different storage technologies. It is important to acknowledge that there is considerable
uncertainty and subjectivity involved, particularly when considering how costs might change in the
future. Cost reductions are more likely for newer technologies and less likely for better established
existing technologies. The analysis is intended to support the qualitative discussion, with less
emphasis on actual quantitative results. The costs presented by Jacobs appear to correspond to
current storage costs, and battery costs in particular could fall considerably in the future, according
to projections by NREL26. This would change the exact conclusions about which technologies are
most appropriate for which application.
Jacobs’ report highlighted one key source of difference between different technologies, which is
whether their costs are driven more by energy i.e., increasing the volume of energy storage in MWh,
or by power i.e., higher kW for faster conversion. Technologies like batteries are less suitable for
longer durations because the incremental cost of more stored energy does not diminish very much.

Strategy for Long-Term Energy Storage in the UK, https://www.jacobs.com/sites/default/files/2020-10/Jacobs-Strategyfor-Long-Term-Energy-Storage-in-UK-August-2020.pdf
25

26

Cost Projections for Utility-Scale Battery Storage: 2021 Update, https://www.nrel.gov/docs/fy21osti/79236.pdf
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However, for technologies like pumped hydro and hydrogen, the power cost of the storage is high,
but the incremental cost of additional energy can be quite low.
Storage capital cost estimates are often converted into £/MWh levelised costs. These summarise the
cost of every unit of energy produced by the store. Further assumptions are required including the
store’s useful life, the amount of energy it produces per year, and its roundtrip efficiency (which
affects the cost of the energy used to fill the store). Batteries and pumped hydro have a reasonably
high efficiency (a figure of 75% is quoted fairly often), while other technologies have much lower
efficiencies.
In Figure 13 below, the difference in the costs per MWh of batteries and of stored hydrogen used to
fuel CCGTs is shown, for a store with a duration of 4-hours and a fixed life of 10 years. This figure is
derived from the analysis presented by Jacobs. The x-axis is the number of times per year that the
storage completes a full cycle. On the far-right hand side is a store which is used every day, for
example during the peakiest 4-hours of the daily demand curve. In a year, this would produce
365 × 4 = 1460 𝑀𝑊ℎ of energy for every MW of capacity. On the other extreme is a store which
discharges during the peakiest 4-hour period that occurs on average only once every ten years. The
discussion in the previous subsection suggests that incremental MWh of added energy storage will
be used less frequently, with costs increasing on this diagram.
It is important to bear in mind that the diagram used logarithmic scales on both axes, which might
downplay the extent of any differences in costs between the two technologies.

Figure 13: Levelised costs per MWh for a 4-hour store, with different numbers of annual cycles

Jacobs’ estimates of capital costs (and the extrapolation of them carried out for this report) suggest
that, even for a 4-hour store, hydrogen and Lithium batteries have comparable per MW costs. The
figure demonstrates that if the store is cycling very frequently, i.e. approaching daily, then the higher
efficiency of the battery ultimately results in a lower cost per MWh. If there are fewer than around
150 cycles per year, then hydrogen storage is more cost effective than a battery. This is due to less
energy being cycled through the store for the lower efficiency to have a significant impact on costs.
This is significant given the need, discussed above, for storage volumes which cycle less frequently.
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These conclusions could change in the future as costs reduce, but this will depend on the extent of
relative cost reduction between the technologies. If both hydrogen costs and battery costs decrease
at the same rate, then observations about their relative benefits won’t change. But if, for example,
battery costs fall more quickly, then batteries might become the lower cost technology choice for
longer durations and/or less frequent cycles.
Storage capacity which is reserved for unusually onerous conditions and which cycles very
infrequently, will be very expensive. Storage capacity which is built to address only the 10 most
onerous 4-hours within a year will cost £5,000 /MWh and resolving conditions during the single most
onerous 4-hour period within a year could cost £50,000 /MWh.
These costs are roughly 100 and 1,000 times greater than the anticipated levelised costs of offshore
wind. This could be justified when compared to the value of lost load, which might also be £10,000s
/MWh and could rise in the future as demand is electrified. Similarly, rare periods of high prices set
by the “marginal” generators in the wholesale market do occur within the current system. Even if this
is beneficial and, ultimately efficient for the system as a whole, this does not mean it will be costeffective to own and operate. This could necessitate new policies and/or changes to energy and
ancillary services markets, particularly for storage that cycles very infrequently and requires lots of
upfront capital cost.,
This figure only shows costs for hydrogen and battery storage. The values presented by Jacobs
suggest that pumped hydro is, in many cases, the most cost-effective type of storage, and that
compressed-air and liquid-air can also be cost effective. In GB these technologies are limited by the
availability of locations with suitable geography and geology and are therefore unlikely to be able
to address all the systems storage requirements in isolation. All technologies have some similar
limitations e.g., the dependence of batteries on various rare earth minerals. Given the significant
challenges associated with making estimates of future costs, the system will benefit from having
access to as wide and diverse a range of possible of different storage technologies.
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7. Opportunities for further research and analysis

Further research is essential to stress - test the power system, the
modelling and economics of flexible demand, energy markets and the
requirements for and cost of storage in a net zero system.

The challenges and opportunities described in this report and the work to address them is ongoing,
with future development still expected. Given the scale of the challenges, and the potential paradigm
shifts required for some solutions, further research and innovation activities will be essential and
urgent.
The Energy Systems Catapult has previously highlighted the need for innovation in every part of the
energy system to reach net zero and it is very likely that the power system and broader energy sector
will continue to progress such innovations. This report discusses examples of some specific topics
for future research and analysis that emerge from previous discussion.
Stress testing the electricity system
In many areas, the uncertainty that affects system operability and resilience is managed by imposing
deterministic rules, either in planning or operational timescales. This means that there is limited
scope within existing tools and processes for “stress-testing” how the system responds to extreme
outcomes (although there are some notable exceptions such as the probabilistic simulations carried
out for the capacity market and the risk modelling that NGESO carries out when considering system
restoration).
More widespread modelling and analysis capability for stress testing different parts of the power
system would be very helpful, both for actual operation and operational planning, but also to help
inform policy debates. Discussions and conclusions about different paths for reaching net zero would
likely benefit from more rigorous stress testing of those pathways than we understand are carried
out today. This might also help to inform debate about the level of centralisation that is appropriate
for managing different sources of risk and uncertainty. Part of this debate would also involve
understanding, confirming or reforming measures for system performance in a net zero system, for
example, moving from unsupplied energy to customer impact. This might also involve further
development of the “Risk Limiting Dispatch” paradigm.
Overall, this research opportunity could be broadened to include the methods for “stress tests”; as
the system changes the methods for modelling and assessing system stress will need to change too,
to ensure that they are both sufficient and relevant for system and societal needs. Sources of stress
to consider could include:
•
•

The likelihood and impact of a severe winter (similar to what was experiences in 1963 in GB,
or 2021 in Texas)
The potential for a long period of low wind output across interconnected Europe in winter.
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•

The increase in probability of wider flooding and warming summers due to climate change,
as described in the UKCP1827.

It is crucial that these sources of stress are analysed for their potential impact on a net zero system,
as this could be significantly different from how they would be experienced today. Therefore, the
methods for stress testing, and the sources of stress that are analysed, should be kept under review.
Modelling of demand flexibility and weather dependence
Two important themes in this report are (i) the importance of flexibility from demand in managing
the power system, and (ii) the growing dependence between the power system, other sectors such
as transport, heating, and weather systems. There are opportunities to increase industry’s
understanding of these themes through development of new modelling capabilities and tools.
Engineering models of electricity generators are generally quite mature, allowing for good
representation of both the technical and economic behaviour within a wide range of analysis tools
and processes. It is reasonably simple to translate data about historic wind speeds into availability
factors for a wind turbine using power curves, which makes it comparatively simple to understand
the possible availability of wind generation for a wide range of weather conditions. Flexibility from
generation can be represented in a model based on knowledge of parameters like fuel costs and
generator heat rates, and these are important inputs when, for example, simulating the operation of
the current Balancing Mechanism and constraint costs.
However, the authors of this report understand that, currently, much of industry’s understanding of
comparable phenomena for electricity demand is based on empirical evidence collected through
trials. This includes monitoring of the demands from specific low carbon technologies, and of the
response of demand customers to different types of financial incentive such as time of use tariffs or
discounted flat rates based on direct load control by a third party.
This empirical evidence is very valuable but has limitations due to what can be practically tested in
consumer trials. Patterns of use from heat pumps over a single season will not tell operators much
about the stresses they may place on the system during more extreme winters. EV charging profiles
from early adopters with home charging may not reflect the variety of possible charging behaviours
after more widespread adoption. Smart charging and time of use tariff trials may give some indication
of the flexibility available from specific arrangements but may be less informative about the
underlying dynamics of that flexibility and any natural limits. Technological innovation and regulatory
change in this space is also fast-moving.
Further bottom-up modelling of electricity demand and flexibility from different appliances could
help to provide additional insight. This might include models that can help operators to understand
the full range of possible electrified heat demands which might manifest with different weather
conditions and could be an important part of “stress testing”, as described above. This could help to
improve understanding of the amount of flexibility that is available in principle from demand, after
accounting for constraints (for example constraints on journeys that must be taken using Electric
Vehicles which introduce charging requirements, or constraints on acceptable deviations in building
temperatures due to heat pump flexibility).

27

See UK Climate Projections: Headline Findings (2019),
https://www.metoffice.gov.uk/binaries/content/assets/metofficegovuk/pdf/research/ukcp/ukcp-headline-findingsv2.pdf.
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This would build on previous modelling and analysis of electricity demand, such as simulations of
residential demand profiles28, simulations of Electric Vehicle charging behaviour29, and efforts to
quantify possible extreme electrified heat demands using historic data from the gas network30. Such
a model would need to be capable of reflecting a wide range of possible conditions (including
weather conditions), integrate many sectors and energy vectors (including hydrogen and
transportation), and provide results that could be applied at several scales (for example, national
level demands, grid-supply-point level, down to potentially individual LV networks and households).
The economics of flexible demand
There is scope for much more detailed analysis and investigation of the economics of demand-side
flexibility. This is key for understanding how to integrate flexible demand as a key part of real-time
system operation both by:
•

•

Supporting investment and policy decisions that rely on the modelling of flexibility from demand –
and particularly the true cost and benefits, social implications and fairness of different levels and
types of flexibility; and
Making optimal decisions using this flexibility, either based on trying to predict how demand might
behave, or by directly re-dispatching that flexible demand.

Work in this area is ongoing, for example with the recent Electricity North West project that looked
at updating VoLL31 and understanding how this varies depending on frequency and duration of
outages, through demand side trials being conducted across the distribution networks, or in
academic research on demand, including a recent paper considering the marginal utility functions of
future prosumers32.
This could be further supported by research into the drivers, costs and benefits of demand side
flexibility and permanent demand reduction from first principles. Deeper understanding of the
economics and consumer insights relating to the demand-side will inform the design and
implementation of the system, markets, and supporting policies. These need to be developed in a
way that empowers demand-side assets to compete against more expensive supply-side options
while at the same time ensuring a just transition where no consumer is left behind.
Net zero electricity system and alignment of electricity markets
Another common theme throughout this report is the influence of electricity markets on system
operability. One way to consider this is that a system operator takes the outputs of the wider market
as the collective market’s first attempt at an operable plan for delivering electricity service, and then
refines this to make sure the reliability, stability and resilience of the system is not compromised. At
its core, the current electricity market in GB is based on buying and selling units of energy (kWh),
with incentives and additional features (such as the capacity market, imbalance prices, and the
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McKenna, Eoghan; Thomson, Murray; Barton, John (2015): CREST Demand Model. Loughborough University.
Dataset. https://doi.org/10.17028/rd.lboro.2001129.v8
29
Dixon, J., Andersen, P. B., Bell, K., & Træholt, C. (2020). On the ease of being green: an investigation of the
inconvenience of electric vehicle charging. Applied Energy, 258, [114090].
https://doi.org/10.1016/j.apenergy.2019.114090
30
Deakin et al (2021). Impacts of Heat Decarbonisation on System Adequacy considering Increased Meteorological
Sensitivity. Applied Energy, 298, [117261]. https://doi.org/10.1016/j.apenergy.2021.117261
31
This work is available from ENWL’s website, https://www.enwl.co.uk/go-net zero/innovation/smallerprojects/network-innovation-allowance/enwl021---voll-2/.
32
See, for example, “What do Prosumer Marginal Utility Functions Look Like? Derivation and Analysis” by
Charalampos et al (2021), http://pierrepinson.com/wp-content/uploads/2021/03/Zirasetal2021.pdf.
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Balancing Mechanism) that aim to minimise the interventions that the system operator may need to
make.
Under the current market and policy arrangement, inefficiencies are becoming more apparent and
there is growing concern about multiple challenges such as ensuring investment in zero carbon
resources and networks at the needed pace, managing dramatic energy imbalances, ensuring
efficient dispatch of resources in time and space and doing this in a way that ensures the best
possible outcomes for consumers and wider society.
The GB policy community currently debates the suitability of the current market and policy
arrangements for net zero and the pathway to it. NGESO contributes the system operator’s
perspective to this debate through its Net Zero Market Reform initiative,33 which considers a
spectrum of options with variation in the roles for markets, Government and system operator,
ranging from central planning to energy only markets. Various options sit between these two
extremes; for example, Rethinking Electricity Markets is an Energy Systems Catapult initiative that has
developed policy proposals designed to work with markets so they can deliver efficient and
affordable whole energy system decarbonisation capable of unlocking innovation across the entire
electricity sector34.
The need for and cost of energy storage
Illustrative figures and simple analysis have been used to support this report’s discussion of storage.
This analysis would benefit from being formalised to allow for more precise and reliable conclusions
to be drawn.
Future analysis could build on the previously cited study by the University of Birmingham35, with long
series of historic data used to understand the imbalances that arise in net-zero systems over different
timescales. Future analysis should:
•
•

•
•

consider actual net-zero systems, such as those presented in the Future Energy Scenarios
more explicitly address issues like the difference between an average winter and a 1-in-50
winter (or whatever standard of security is decided upon), ideally using a rigorous
probabilistic approach
Allow for the impact of demand flexibility e.g., from smart vehicle charging or heat pumps
on the demand profile
look at imbalances over even shorter timescales, including hourly and a few minutes or
seconds).

A holistic analysis of levelised storage costs, like that carried out by Jacobs36, could then be conducted
to look at how to address these requirements at minimum cost. This should include analysis of
sensitivity to various assumptions, like asset lifespans, charging energy costs, volumes of storage
production and different technology costs might change in the future. For storage that cycles very
infrequently, it may be necessary to further explore assumptions about efficiency, e.g., how much
stored energy will “leak” if it only cycles once every ten years.

33

https://www.nationalgrideso.com/future-energy/projects/net-zero-marketreform#:~:text=ESO's%20Net%20Zero%20Market%20Reform,high%2Dlevel%20package%20of%20reforms.
https://es.catapult.org.uk/project/rethinking-electricity-markets/
Net Zero – Keeping the Energy System Balanced, https://www.jacobs.com/sites/default/files/2020-10/Jacobs-Strategyfor-Long-Term-Energy-Storage-in-UK-August-2020.pdf
36 Strategy for Long-Term Energy Storage in the UK, https://www.jacobs.com/sites/default/files/2020-10/Jacobs-Strategyfor-Long-Term-Energy-Storage-in-UK-August-2020.pdf
34
35
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It would also be helpful to present this analysis in terms of increasing marginal costs of expanding
storage capacity. For example, while the average cost of existing pumped hydro might be quite small,
the marginal cost of adding more pumped hydro capacity could become very large quite quickly,
due to challenges associated within finding locations with geography that is suitable for
development.
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8. Appendix: Assessment of storage costs
Jacobs’ report presents storage costs in units of £ per MW, for different durations of store, as shown
below.

Figure 14: Capital costs per MW of different storage technologies and durations

These costs are for a single snapshot in time, and it is understood that they correspond to current
estimates of cost. This is supported by comparing the cost of a 4-hour Lithium-Ion battery
(£292 /kWh) with the NREL publication from 2019, which in the original 2019 version, quoted a
then current cost of approximately $400 /kWh for the same duration of battery37. NREL’s report
shows how these costs could change in the future, with scenarios for high, medium and low battery
costs based on analysis of published projections from a range of different sources. This is
reproduced below in Figure 15, from the original 2019 study.

Figure15: Battery cost projections for 4-hour lithium-ion systems, with values relative to 2018

These estimates suggest batteries are cheapest for durations under four-hours, and hydrogen is
cheapest for durations above 2 days. Between these two extremes, pumped storage is the most
cost-effective. This will change in the future, as costs change (as shown by NREL). The relative
benefits of each technology will depend on their relative cost reductions.

37

Cost Projections for Utility-Scale Battery Storage https://www.nrel.gov/docs/fy19osti/73222.pdf

44

A Zero Carbon Energy System: The Operability Challenge

The Figure 14 also shows that, for each technology type, there are relatively smooth non-linear
relationships between the storage size in hours and the capital cost. We have used a simple nonlinear model to extrapolate these costs for a range of storage durations for all technologies, from
30 minute up to 6-months. Extrapolated capital costs per kWh are shown in the Figure 16, with the
original data points overlaid.

Figure16: Extrapolated costs per kWh for different storage technologies and durations

Some of these combinations of technology and duration initially appear to be implausible (e.g., a
six-month battery). However, this could equally be thought of as 1,095 4-hour batteries. In fact, the
convergence of the kWh cost to a single flat rate for high durations is consistent with this view.
We have used a discount rate of 8% and a lifetime of 10 years to convert these total capital costs
into annual equivalent costs.
To derive operating costs, we have assumed a cost of £50/MWh of hydrogen for electrolysis, and a
cost of £40/MWh for electricity. These correspond respectively (and approximately) to estimates of
the cost of producing hydrogen from constrained renewables and the levelised cost of offshore
wind. Lifecycle efficiencies are given for each storage technology in Jacob’s report except for
batteries, for which we have assumed an efficiency of 75%.

Figure17: Assumed lifecycle efficiencies of different storage technologies
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We initially derive unit costs under the assumption that every duration of storage will achieve its
maximum possible number of annual cycles. So, a half-hour store will fill and empty 8,760 times per
year (spending half-an-hour filling and then half emptying), a 12-hour store will fill and empty 365
times per year, and a 6-month store will fill and empty once per year (and so on). This gives the
costs per MWh shown in Figure 18. This leads to similar conclusions about the suitability of
different technologies to different roles as the capital cost figures, although the assumptions about
efficiency have changed some things, for example, making Liquid Air Energy Storage (LAES) look
more attractive.

Figure18: Levelised costs of different technologies and durations, with maximum production

While some storage capacity may charge and discharge with the maximum possible frequency,
there will be incremental capacity that is used less frequently. To explore this, we have repeated
this analysis for two fixed durations of store (4-hours, and one-week), and looked at varying the
number of complete cycles achieved within a year, from once per ten years, up to once every day
(for a 4-hour store) and once every two weeks (for a one-week store) as shown in Figures 19 and
20.
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Figure19: Levelised costs per MWh for a 4-hour store, with different numbers of annual cycles

Figure 20: Levelised costs per MWh for a one-week store, with different numbers of annual cycles

These figures illustrate how, for different applications, different storage technologies may be more,
or less, cost effective with current costs. The relative merits of each technology will change in the
future as their capital costs change.
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