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Introduction
The deployment of renewable energy, particularly variable renewables such as wind and solar PV, is expected to
increase dramatically across Europe in the coming years. The EU institutions have set a target for renewable
energy sources consumption of 32% by 2030. [1]
The greenhouse gas reduction scenarios considered by the European Commission in its “A Clean Planet for All”
vision document predict an 81-85% share of renewables in gross electricity generation by 2050. This is a huge
increase from the 57% share predicted in 2030 and the 30% share as of 2015. [2] According to the Commission’s
assessment, wind will provide 51-56% of power production (compared to 26% in 2030 and 9% in 2015) and solar
will have a share of 15-16% in 2050 (compared to 11% in 2030 and 3% in 2015.
To fulfil these aspirations, most power systems will have to deal with operational limitations that prevent large
amounts of non-synchronous generation from being integrated into the energy mix at any given time. These
limitations have already been identified by grid operators in islands in Europe, e.g. in Ireland, the UK, French
overseas islands, and the Canary Islands; as well as overseas, e.g. in Australia and Texas (isolated system).
Island systems [3] are interesting case studies, as they are the first to experience the challenges associated with
high shares of non-synchronous generation. Since they tend to have limited to no interconnections, islands
have to rely more on other flexibility options to ensure the secure and cost-efficient operation of their energy
system: flexible thermal generation, demand-response, and energy storage. Indeed, islands have seen some of
the first commercial deployments of energy storage systems, due to a clear business case.
The challenges faced by islands today can be highly instructive for interconnected energy systems, which will
have to tackle the challenges of integrating high shares of variable renewables in the coming decades.
EASE has therefore produced a study of some of the key power system challenges faced by islands today, which
will be accompanied by an analysis of some of the solutions from the energy storage sector.
Table 1 presents an overview of the challenges treated in this document, consequences imposed by these, their
effects, how energy storage can help solve or alleviate their negative effects, and current routes to market for
the delivery of these services. As can be seen, storage has a key role to play in ensuring the operation of the
system is cost effective by addressing systematic issues.
As described throughout the paper, most challenges faced in grids with increasing levels of renewable
generation are locational. Deploying storage in the right place is key to enable benefiting from its temporal and
locational flexibility. As a consequence, it is essential to design stackable, complementary system services. Also,
the evaluation of solutions should be based on a holistic approach rather than in silos.
Although this analysis is based on deregulated islands, it is important to note that in the case of regulated
islands the adverse effects of these challenges is the same.

[1] RED II.
[2] More at: https://ec.europa.eu/clima/sites/clima/files/docs/pages/com_2018_733_analysis_in_support_en_0.pdf
[3] Here we refer to both non-interconnected Islands and interconnected Islands; the same technical challenges as on Islands can also be
faced by microgrids or weakly connected grids.
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Impacts security of
supply by affecting

1. Decreasing Levels
of Synchronous
Generation
Electricity grids around the world have been developed to accommodate synchronous generation such as
coal and gas. However, as we move to decarbonise the energy sector, this type of generation is being
displaced by non-synchronous generation technologies, such as wind turbines, solar inverters, and batteries.
[4]
Lower levels of synchronous generation connected to the grid pose challenges to grid strength and
resiliency as this type of generation provides the following services:
Synchronous Inertia [5]
Dynamic reactive power services
Fast Fault current (Short Circuit Level)

[4] More on the differences between synchronous and non-synchronous generation can be found in Appendix A.
[5] A form of energy storage embedded in the generator that is deployed without delay in response to disturbances in the grid.
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Challenges Posed by Lower Levels of Synchronous
(Aka System) Inertia
System inertia determines the rate of change of frequency (RoCoF) after an event, which may be a
generation trip or a steep increase in load. If system inertia is low, the RoCoF after an event is higher. At low
levels of inertia, and consequently high RoCoF, there may be insufficient time for various frequency response
mechanisms to deploy and arrest frequency decay, resulting in load shedding (a strategy used in many
systems to prevent blackouts) or black-outs. If the system inertia is below a critical level, even if frequency
response can be delivered in sub-second timescales, the timescales required to measure, communicate and
deliver a response to a frequency event are not fast enough to prevent the tripping of loss of mains
protection.

Figure 1 - [6]

In Texas, the system operator conducted a series of dynamic simulations with different inertia conditions to
investigate the time the frequency takes to decrease from the frequency that triggers voluntary load
reduction (LR), i.e. 59.7 Hz to the frequency that triggers systematic load shedding, i.e. 59.3 Hz. This is
presented in Figure 1. It shows that at low levels of inertia, systematic load shedding could occur within
approximately 1 second following a grid event.
Synchronous inertia is a form of energy stored in the rotating masses of synchronous generators, (e.g.
turbines and generators). Because synchronous generators are mechanically synchronised to the grid, the
energy stored as inertia is deployed instantaneously following a disturbance (e.g. transmission line trip).
Synchronous inertia plays a crucial role in network stability as it acts as a shock absorber.
Historically, synchronous inertia was not considered as a necessary service to achieve power system security
because there were many synchronous generators connected to the power system. However, in order to
operate the grid safely, system operators across the world are now limiting the maximum penetration of
non-synchronous generation (e.g. renewables) in the system at any point in time as these do not provide
[6] ERCOT 2018 - Inertia: Basic Concepts and Impacts on the ERCOT Grid.
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system inertia, resulting in the need to curtail renewables. In general, to ensure system operability there is
need for a minimum level of synchronous inertia to ensure that the deployment of fast frequency responsive
resources are effective and can arrest frequency decay before it falls below load shedding levels, as it
happened in August 2019 in the UK.
The contribution of synchronous inertia to system resiliency is locational: regions with fewer synchronous
machines (e.g. sync. demand, sync. condensers, sync. generation) running are more vulnerable to operability
challenges related to low system strength. In the UK, for example, there is an increase in the occurrence of
no synchronous generation running in some regions. [7] Those regions incur greater renewable integration
costs, as payments must be made to large renewable generators for their curtailment as well as to keep
synchronous plant running by uplifting their payments in the real time market.
Europe is leading the way in the creation of policies and tools aimed at tackling the challenges posed by the
dramatic reduction in system inertia due to higher penetration of renewable energy. ENTSO-E (the
European Network of Transmission System Operators for Electricity) is developing a roadmap on system
inertia while Eirgrid and Soni, the system operators in Ireland, are procuring a Synchronous Inertial Response
product. This is a preventive system service to keep RoCoF at manageable levels. In addition, a new remedial
service, fast frequency response, will help contain frequency issues, quickly reducing the risk of load
shedding.
An example of the effect of these two services can be seen in Figure 2. It is important to clarify that adequate
levels of synchronous inertia negate the need for synthetic inertia, but the opposite is not true. However, in
most future operational conditions there is need for both services.
Figure 2 illustrates the consequences of a sudden loss in generation at different levels of systems inertia. It
shows that initially a system disturbance occurs, resulting in frequency decay. At low levels of inertia
(turquoise curve) the decay is steeper, because there are fewer generators able to give away energy stored in
their rotating masses. However, after 300ms fast frequency resources (synthetic inertia) inject power,
mitigating the rate at which frequency decays (RoCoF).
This illustrates the impact of fast responding resources such as energy storage in containing the rate of
change of frequency RoCoF. On the other hand, the case with higher inertia level (purple line) results in a
slower frequency decay, maintained throughout the whole event, resulting in a lower absolute frequency
decay.

Figure 2 - [8]
[7] National Grid, 2018. Regional Trends and Insights.
[8]
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As noted by National Grid, “the 300ms period is representative of the time necessary to measure system
variables with the confidence that they are not being distorted by temporary local disturbances.” This
effectively limits the speed at which non-synchronous generation can respond. At low levels of inertia, the
sudden loss of a large generator or a steep increase of load, e.g. a large number of EVs, 300ms might be
already half the time available before involuntary load shedding occurs. This highlights the difference
between synchronous inertia which is deployed with no delay and fast frequency response deployed with
some delay ( “synthetic” inertia).
Finally it is interesting to analyse the meaning of the units of inertia, i.e. GVAs or GWs. As can be seen, these
are units representing energy, similar to MWh. However, because we are dealing with a whole electric
system these units are in Gigawatt or Giga Volt Ampere. Additionally, as energy is stored in rotating masses,
similar to a flywheel, the duration of the energy stored is in the order of seconds.
This makes evident that synchronous inertia has a limited duration and, in some instances, it may need to be
supplemented with the response of fast responding assets and synthetic inertia. Both synchronous and
synthetic inertia are needed as part of an effective tool set to ensure the reliable operation of grids with high
penetration of renewable energy. The following section explores one of the risks of having different levels of
inertia spread across a system.

System Splitting
Unplanned system splitting might result as a consequence of extreme frequency events, posing significant
challenges to the correct operation of electricity markets and power systems. Although frequency is uniform
across a synchronous area, i.e. 50Hz, the RoCoF is not uniform across a synchronous area.
This is illustrated in Figure 3, which presents the spread in frequency across a wide synchronous area within
a second following an event in Spalding North. It shows that angular stability, represented by the angular
diagrams, is also affected with the highest deviation at the source of the problem.

Figure 3 - [9]

[9] GE and National Grid, 2018, “The Enhanced Frequency Control Capability (EFCC) Project”. Page 22. Available at : https://www.national
grideso.com/document/111541/download
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As noted above, RoCoF is a locational phenomenon that depends on the level of local inertia. Some case
studies presented by National Grid [10] show that by 2020 the dramatic reduction in system inertia will
require containment within 500ms. The consequence of not maintaining good levels of inertia across a
synchronous area is system splitting, as illustrated in the following figures.
In Figure 4, pre-event the system is stable and there are power flows from Scotland into England across one
of the zonal boundaries of the GB synchronous area. A sudden drop in the interconnector with France
causes an energy imbalance that results in greater power flows from north to south, resulting in angle swing.

Figure 4 - [11]
Figure 5 shows how due to a low level of inertia and poor fast response in the south, greater power flows
from north to south try to compensate the imbalance, resulting in instability that ultimately leads to system
split: system operators segregate an interconnected transmission network into islands of load with matched
generation at proper splitting points by opening selected transmission lines. This is a strategy used by
system operators to avoid cascading instability leading to a blackout.

Figure 5 - [12]

[10] More at: https://www.nationalgrideso.com/innovation/projects/enhanced-frequency-control-capability-efcc
[11] GE and National Grid, 2018, “The Enhanced Frequency Control Capability (EFCC) Project”. Page 24.
[12] GE and National Grid, 2018, “The Enhanced Frequency Control Capability (EFCC) Project”. Page 24.
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Reduction in Dynamic Reactive Power Capabilities
Reactive power (measured in Mvar) is required to transfer active power (measured in MW) across the
network and to control voltage in the grid. Maintaining the electricity system within statutory voltage limits
is essential so that transformers, overhead lines, and cables support the transportation of power securely and
efficiently.
This requires the right balance between injection and absorption of reactive power in real time. The main
sources of reactive power have been network assets, generation and demand. However, energy storage is an
‘up-and-coming’ provider of reactive power.
The amount of power flowing through the network affects voltage. As illustrated in Figure 6, when demand
is large and the lines are heavily loaded, electricity networks tend to absorb reactive power, reducing local
voltage levels. This means that additional sources of reactive power generation are required to maintain
voltages at the correct level. When demand is low and the lines are lightly loaded, electricity networks tend
to generate reactive power, increasing local voltage levels. This means that additional sources of reactive
power absorption are needed. [13]

Figure 6 - [14]

Reactive power differs from active power because it is a locational requirement. Regional deficits of reactive
power create a voltage constraint, meaning that generation or demand must change their absorption or
injection of reactive power to prevent a breach of safe voltage limits.
Historically synchronous generators have provided the necessary reactive power capabilities in the system.
As can be seen in Appendix A, this type of generation has significantly higher capabilities than other forms of
generation. The decline in synchronous generation levels in the long term is triggering the need to find
alternatives on a more locational basis. Figure 7 summarises the reactive power needs: there is a greater
need for dynamic capabilities and there is a greater need for absorption than for injection.

[13] This highlights an important limitation of Demand Side Response as an effective provider of system services. A sudden drop in demand in a
certain location can affect power flows, exacerbating a frequency issue. Sufficient dynamic reactive power capabilities are needed for DSR to be
effective. Procuring this can increase the cost to manage the operation of the grid.
[14]

National Grid

- Operability Strategy Report. A System Operability Framework document. November 2018. Available at: https://www

.nationalgrideso.com/document/134161/download
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Figure 7 - [15]
In the UK, National Grid recognised that more flexible reactive power options are needed and has indicated
that these can come from either regulated network assets or competitive providers in the market such as
energy storage facilities.

Fast Fault Current (Short Circuit Level)
Another serious challenge posed by the loss of synchronous generation in the grid is related to voltage
management. Like frequency, this needs to be kept within statutory limits to ensure the correct operation of
the grid. System Strength [16] is a key metric to measure how resilient a system is to voltage disturbances.
Figure 6 presents a set of voltage management requirements differentiated by the response time with
respect to a disturbance. It shows that voltage dips and protection, in pink, require fast response, in the order
of ~100ms. Currently synchronous generation provides Fault Current instantaneously to deal with these
events. This is possible as synchronous machines store energy in the electromagnetic field of the generator
and being mechanically synchronised to the grid gives the advantage of instantaneous response in the case
of sudden voltage changes in the grid. In a similar way to synchronous inertia for frequency control, fault
current can prevent larger voltage disturbances.

Figure 8 - [17]
[15]

National Grid

- Operability Strategy Report. A System Operability Framework document. November 2018. Available at:

https://www.nationalgrideso.com/document/134161/download
[16] This is conventionally measured in terms of Short Circuit Level and is indicative of the dynamic capabilities of the system which are critical for
voltage management.
[17] National Grid - SOF 2016 - Full Interactive Document. Available at: https://www.nationalgrid.com/sites/default/files/documents/8589937803SOF%202016%20-%20Full%20Interactive%20Document.pdf
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Circuit current levels decay over a period as the energy stored in the electromagnetic fields of synchronous
generators is limited. There is a decline from initial peak levels, normally within 50 ms after a fault occurs. A
response within 100 ms from inverter-based technologies would be desired. Ultra-fast responding storage
devices such as flywheels and supercapacitors would be able to contribute provided their response time can
be optimised.
Unlike frequency, voltage is locational. Therefore, short circuit level is a regional metric highly dependent on
the following factors:
1. Location of generators;
2. Their fault current contribution;
3. Fault current response time.
Fault currents vary around the grid: they are higher in areas close to synchronous generation and lower
further from generators. System strength reduces with increasing amounts of non-synchronous connected
generation. Low system strength can also compromise the correct operation of protection systems, and
result in non-synchronous generation disconnection during disturbances.
Areas identified with a low short-circuit level require monitoring because this condition can exacerbate
system perturbations and disturbances, potentially impacting protection system coordination. Figure 7
illustrates the evolution of areas identified with a low short-circuit level in the UK, highlighting the locational
nature of this problem.

Figure 9 - [18]

Typical devices that can provide Fast Fault Current include synchronous generators and synchronous
compensators. These immediate forms of support are important during a short circuit fault and in the
immediate period after the fault has been cleared (0-80 milliseconds). Non-synchronous generators, static
compensators, and static var compensators can all further assist after that immediate period, provided these
are controlled carefully to support voltage recovery.
The UK is leading the way in the development of commercial solutions for the procurement of short circuit
level. In 2019 National Grid ESO intends to invite technical and commercial solutions to address needs in
specific locations. [19]

[18] National Grid - SOF 2016 - Full Interactive Document. https://www.nationalgrid.com/sites/default/files/documents/8589937803SOF%202016%20-%20Full%20Interactive%20Document.pdf
[19] System Operability Framework, Impact of declining short circuit levels.
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Dynamic Stability of High Penetration of Renewable Generation
Having a weak area, i.e. low levels of fast fault current, and high penetration of non-synchronous generation
can result in voltage oscillation and system collapse. This is because non-synchronous generators rely on
measurements to keep locked to the frequency on the grid and these measurements are sensitive to
voltage distortion. This problem had been verified in Texas during times of high renewable energy
penetration and large power flows across a wide area.
This is because non-synchronous generation is not mechanically synchronised to the grid and relies on a
control system [21] to mimic the behaviour of synchronous generation. The response of the control system
depends on voltage waveform measurements. [20]
Figure 9 presents an illustrative example of the impact of network faults on voltage waveform distortion. Prefault, voltage waveforms do not present any distortion. However, following a fault, voltage waveforms suffer
from multiple distortions. These distortions impair the correct operation of the control system in nonsynchronous machines and lead to system instability. When non-synchronous generation dominates the
energy mix in a wide area with significant power flows, instability can lead to system collapse.

Figure 10 - [22]

Figure 10 presents the oscillatory and unstable response of a wind plant in Texas during weak grid
conditions, showing how at every cycle the voltage level increases. If left uncontrolled, this issue leads to
system collapse. Since the timescales involved are hundreds of milliseconds, grid operators must adopt new
simulation tools to have a clear understanding of dynamic stability problems.

[20] Phase Locked Loops (PLL) deriving behaviour from per-phase voltage waveform.
[21] Non synchronous generators rely on Phase Locked Loops (PLL) deriving behaviour from per-phase voltage waveform measurement – sensitive
to voltage distortion, harmonic corruption and unbalances.
[22] Cigre, 2019. “Webinar: “Voltage Stability of Converter Dominated Grids”. Slide 9. Available online at: https://cigre.org.uk/webcont1001/uploads/CIGRE-UK-January-2019-Webinar.pdf
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Figure 11 - [23]
Figure 12 illustrates the problem of dynamic stability using the analogy of the sound produced when a
microphone is too close to a loudspeaker. In this case the sound from the loudspeaker is amplified by the
microphone, which is then reproduced by the loudspeaker and the closed loop feedback results in a loud
noise. In this analogy, the weaker the grid, the closer the mic is to the loudspeaker. The volume of the
amplifier is the power transmitted in an area, and larger power flows amplify the problem. Finally, the
characteristics of the converter (non-synchronous device) act as the amplifier. Some converters will be more
prone to this problem than others and this will depend on how tolerant their control systems are to
distortions in voltage readings.

Figure 12 - [24]

This problem is being studied in Texas, where this challenge is emerging. The proposed solutions can be
categorised based on the microphone analogy. The first category relates to increasing the distance between
the microphone and the loudspeaker: increasing the system strength by ensuring a minimum share of
synchronous generation in the energy mix. This is coherent with the approach adopted in Ireland that would
limit the amount of nonsynchronous penetration at any given time. However, in this case the limitation is
not related to synchronous inertia (frequency) but to system strength (voltage). The second category of
solutions is related to the amplifier and entails improving the control system of non-synchronous generation
to make it less susceptible to waveform distortions. The last category of solutions is related to the volume
control and this would entail managing the level of power flows based on the strength of the system.
[23] ERCOT, 2018. Synchronous Inertial Response (SIR) Workshop #02. Page 17.
[24] National Grid, 2019. “Webinar: “Voltage Stability of Converter Dominated Grids”. Slide 28. Available online at: https://cigre.org.uk/webcont1001/uploads/CIGRE-UK-January-2019-Webinar.pdf
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2. Sources of Power
Spread Across
Edges of the
Network and
Changes in Demand
Patterns
Most power systems around the world were designed to take electricity from large generators connected at
transmission level to demand connected at distribution network level. However, nowadays the system is
becoming more decentralised, and more importantly power is flowing from the distribution into the
transmission network. This is illustrated in Figure 14.
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Figure 13

This fundamental change poses the following challenges:
a) Ensuring power can be transferred across the network efficiently and safely
b) Ensuring that network congestion does not result in systematic renewable curtailment
c) Ensuring that system low demand does not result in systematic renewable curtailment

Ensuring power can be transferred across the
network efficiently and safely
The transport of electricity can be illustrated with an analogy to a water tank and is presented in Figure 15. In
steady state, taps at the top of the tank release water and the voltage level is kept at 400kV. Following a
disturbance, represented by a hole in the water tank, the voltage level decreases and no water leaves the
taps connected to the water tank. This is because the pressure in the tank drops, which would represent a
decrease in the voltage level in the network. To solve the issue, a “protection” is placed between different
sections in the tank. This helps the recovery of the voltage level, restoring the flow in some of the taps
connected to the tank.

Figure 14 - [25]

[23] ERCOT, 2018. Synchronous Inertial Response (SIR) Workshop #02. Page 17.
[24] National Grid, 2019. “Webinar: “Voltage Stability of Converter Dominated Grids”. Slide 28. Available online at: https://cigre.org.uk/webcont1001/uploads/CIGRE-UK-January-2019-Webinar.pdf
[25] National Grid - SOF 2016 - Full Interactive Document. https://www.nationalgrid.com/sites/default/files/documents/8589937803SOF%202016%20-%20Full%20Interactive%20Document.pdf
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The previous example illustrated the importance of voltage support. This service is needed in steady state, i.e.
absence of disturbances, to ensure reliable grid operation. This can be provided by devices that can modify
their behaviour according to voltage level, providing variable reactive power in various time scales. Sufficient
voltage support is critical to manage changes in the reactive power demand in real-time.
Europe is leading the way in the design of new ancillary services for voltage control. In Ireland, the system
operators procure Dynamic Reactive Power and Steady-state reactive power. Figure 15 presents an overview
of the two along their response time.
An interesting feature of the ancillary services market in Ireland is the inclusion of scalars that should
incentivise the response of the most cost-effective assets. The Temporal Scarcity Scalar for Dynamic Reactive
Response uplifts the payments to synchronous generators at times of high penetration of non-synchronous
generation where the marginal cost of electricity would make the operation of conventional plant
uneconomical.
An additional scalar incentivises the delivery of reactive power from providers that do not inject active power
(e.g. synchronous condensers). In other words, for the delivery of Mvars at zero MW output. These providers
receive a scalar of 2, i.e. twice the unit price for delivery of a Mvar. One important consideration is that the
delivery of reactive power does not necessarily require delivery of active power. Indeed, managing active
power associated with the delivery of reactive power is a cost for the system operator and results in CO2
emissions.
The UK has recently published a roadmap [27] to procure these services more transparently, as the cost of
managing voltage is increasing dramatically.

Figure 15 - [26]

[27] More on: https://www.nationalgrideso.com/sites/eso/files/documents National%20Grid%20SO%20Product%20Roadmap%20for%20Reactive
%20Power.pdf
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Ensuring that Network Capacity and Congestions
Does not Result in Systematic Renewable
Curtailment
Historically, transmission networks were designed to accommodate demand and generation. When a new
customer (demand or generation) requests a connection to the network, the network operator assesses
whether the capacity requested will breach demand or generation limits in the network. If it does, then
reinforcement of the network is required. Grid reinforcement takes several years, resulting in long queues to
connect. For this reason, some network operators in the UK allow customers to connect prior to network
reinforcement through an arrangement know as flexible connections. [28]
Flexible connections have the advantage of short waiting times to connect and lower costs as the network is
not reinforced; however, the disadvantage is that customer are constrained off when power flows reach
capacity limits. This can result in systematic curtailment for which renewable operators are compensated in
balancing markets.
It is important to note that ultimately constraint payments are allocated to end consumers for low carbon
generation that goes to waste. An example of constraint payments in the UK is presented in Figure 16, below,
and corresponds to September 2018. More than half of the costs incurred to keep demand and supply
balanced in this month are associated with curtailment. The socialisation of constraint costs through
Balancing Services Use of System (BSUoS) Charges or their equivalent in other member states means that
costs are charged to those users that are imposing the costs on the system.

Figure 16 - [29]

[28] More at: http://www.energynetworks.org/electricity/futures/flexible-connections.html
[29]

National
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Constraint costs are surging in Europe. For example, Joss and Stafell [30] report that curtailment costs vary
from year to year but that these have exceeded one billion Euro per year in Germany on various occasions. In
the UK, curtailment costs are close to 300 million pounds per year. These costs are comprised of cost to
constrain wind in the exporting side of a congested boundary as well as replacing reserves in the importing
side.
For some years National Grid ESO procured a Demand Turn Up (DTU) service, negative reserve, but it has
been lapsed due to the lack of participation. This service was developed by National Grid to provide
incentives to large energy users and generators to either increase demand or reduce generation when there
is excess energy and low demand on the system.
Energy storage deployed at the right location could provide this service. This application required long
duration: in 2016 the average utilisation of the service was 4.3 hours per event. Utilisation duration depends
on locational factors such as renewable penetration, wind speed, and solar irradiation profiles. The DOE/EPRI
[31] Electricity Storage Handbook prescribes a duration of 5 to 10 hours for wind integration applications.
In May 2019, National Grid ESO announced the creation of a constraint management service. This new
service will be procured through the market and will create competition with traditional transmission assets.
Storage is expected to play a key role. Two types of services are expected to be procured: one for providers
that can reduce renewable curtailment in the exporting side of a congested network boundary and one that
functions as a “virtual transmission line” where a provider absorbs excess energy at a certain power level on
the exporting side of a constrained boundary while another asset in the importing side supplies power at the
same power level. These services are expected to create a route to market for long-duration energy storage.
At distribution level the situation is even worse. Historically, distribution networks have been planned to
accommodate expected peak demand and unidirectional power flows, so network planning only considers
peak demand growth and not renewable generation growth. In the UK, distribution connections are liable
for reinforcement costs up to one voltage level above that required to accommodate the connection.
These costs should cover costs associated with dealing with constraints such as capacity, voltage or reverse
power flows. In addition, if there is not sufficient capacity at the interface with the transmission network (the
grid supply point (GSP)), reinforcement at this point is also triggered and the whole cost falls to the
connecting party. For this reason, connection costs are likely to be higher than expected and connection
may take longer to complete.
This increases the attractiveness of flexible connections at distribution level. However, there is a greater
exposure to curtailment risk. Connections to the transmission system are financially firm and constraint
payments are allocated for curtailment, whereas flexible connections to the distribution network are
uncompensated and with no certainty of curtailment levels. This can result in lower levels of renewable
deployment than those needed to achieve decarbonisation goals.
At this point, it is important to highlight the difference between infrastructure to deal with systematic
curtailment versus options to contain sporadic curtailment such as Active System Management. Planning a
grid to avoid curtailment completely would be too expensive and economically inefficient, however when
renewable curtailment becomes a chronic issue it is also economically inefficient. It is therefore important to
assess costs and benefits between deploying infrastructure, e.g. energy storage as a service, or solving
marginal curtailment through alternatives such as Active System Management.

[30] Joss M, Stafell I (2018), Short-term integration costs of variable renewable energy: Wind curtailment and balancing in Britain and Germany,
Renewable and Sustainable Energy Reviews Volume 86, April 2018, Pages 45 - 65.
[31] Sandia National Labs, 2015. DOE/EPRI Electricity Storage Handbook in Collaboration with NRECA. Table 19. Storage System Characteristics for
Select Services. Page 132, Available online.

20

Active System Management (ASM) [32] is gaining momentum in Europe as a solution to cope with voltage
constraints, network congestion, and reverse power flows (Distribution to Transmission). ASM is a set of
strategies and tools used by DSOs and TSOs to manage the grid efficiently and reliably. ASM involves
balancing demand and generation in different timeframes and distinct areas through market-based
flexibility instruments. This scheme is almost at the implementation stage and it is crucial that the definition
of this flexibility instruments enable monetisation of the value that energy storage can generate, e.g. speed
of response, integration of low carbon energy.
In summary, the Constraint Management service developed by National Grid ESO in the UK can be thought
of as a way to plan for the medium to long term whereas ASM programmes are a response to balance short
term imbalances in regional or local flexibility markets. It is important to make a clear distinction between
the two as their aim is very different and specific.

[32] Known in the UK as Active Network Management.
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3. Commitment
Patterns of
Conventional Plant
Strongly Affected by
Both System Load
and Amount of
Renewable
Generation
System operators are obligated to ensure that the electricity transmission network can be re-energised in
the event of a total or partial shutdown. Black Start is the procedure to recover from a total or partial
shutdown and provides a valuable insurance policy for consumers in the unlikely event of a system failure.
Historically these services have been provided by large synchronous generators. However, commitment
patterns of conventional plants are expected to be strongly affected by both system load and by the amount
of renewable generation in the system. If there is an abundant amount of wind or solar generation at times
of low demand, e.g. summer weekends, wholesale energy market prices may be low or even negative.
During these conditions, large conventional generators may choose to remain offline for economic reasons.
When a large conventional generator is not warm, its start-up time is significantly increased, affecting its
state of readiness for black start and increasing the risk of unavailability for a black start response.
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Expected restoration times of the system are therefore dependent on the warmth of conventional
generators. To comply with their obligations, system operators might choose to use the balancing market to
ensure these large-scale generators are kept warm and ready to respond to a black start event. [33] This
means that some renewable generation can be constrained, resulting in curtailment and larger plants that
are out of merit being dispatched partially loaded, leading to higher CO2 emissions. This is a market
distortion as the balancing market uses energy (MWh) to pay for reliability services and in some instances
results in higher CO2 emissions.
While in the past utilising the balancing market to secure Black Start capacity did not result in excessive
costs, it is evident that as the operation of existing providers becomes increasingly variable, using the
balancing market is not a sustainable approach. Therefore, there is a requirement for new Black Start
providers who are likely to be in economic merit, or who can maintain Black Start capability for longer
timescales after desynchronising.
During a Black Start the frequency deviates more widely with respect to normal operations and this needs to
be managed as Grid Supply Points, [34] the points of interface between transmission and distribution
system, are re-energised.
Synchronous Inertia, Fast Fault current, and dynamic reactive power capabilities must be possessed by Black
Start providers [35]. This ensures that the strength of the Block Load, area being re-energised, is sufficient to
guarantee a stable operation. This is crucial when bringing together different block load areas. In addition,
systems should be able to start at least three times without external power supplies.
Energy storage can also provide valuable services for black start, either as a standalone supplier or in
combination with other plants. Depending on the technology the Synchronous or Synthetic inertia can
ensure more stable conditions of operation.
The UK is leading the way in the development of a Black Start market. Currently National Grid is redesigning
the way these services are procured [36] and energy storage facilities are expected to play a role.
Finally, it is important to note that central to planning of an island power system is the need to ensure
energy continuity 24/7-365. When electricity production is dominated by renewables this creates an issue
with regards to energy continuity. Solar and wind can in combination with energy storage play a significant
role in solving the Island electricity need, but never fully guarantee energy continuity as it would be
uneconomical to dimension most energy storage technologies to ensure energy continuity. There will
always be a need for a back-up system that can cover the times when the storage capacity is not enough to
cover longer times of no renewable energy generation. This space can be covered by conventional
generation running a low load factors, power to fuel schemes and hybrid energy storage systems.

[33] In some Member States, conventional generators have ‘warming contracts’, but these would not make sense in a situation where black start
contracts are tendered, since it would constitute a double payment for the same service. Black start contracts can be technology neutral, whereas
‘warming contracts’ are typically agreed with coal plants.
[34] In the UK the typical size of load at a GSP is between 35 and 50 MW.
[35] National Grid, 2017. Black Start from Distribution Sources.
[36] National Grid, 2018. Product Roadmap. Restoration.
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Conclusion
Achieving decarbonisation targets requires the integration of vast amounts of variable renewable energy which
increases the complexity of operating an electricity system that has been designed for alternating current and
synchronous generation for over 100 years. Islands today find themselves at the forefront of the energy
transition, as they have seen rapid increases in variable renewable generation but have no or fewer
interconnections to help cope with the associated challenges. This is why they serve as a useful ‘test bed’ for
possible solutions, which can be highly instructive for interconnected energy systems preparing to integrate
very high shares of variable renewables in the coming decades.
The cost to operate the system has increased over the last years and this trend is unlikely to change unless
technologies such as energy storage are used to their maximum potential. Energy storage can provide a
solution to the main challenges posed by the integration of variable renewable energy. It is crucial that the
products designed to address these needs can be stacked and that regional needs are properly assessed and
communicated to the market.
Constraint costs in Germany are notable and it is unclear why a market for long duration storage has not been
developed or why solutions such as the ones being developed in the UK have not been pursued. A proper
methodology for grid planning should be developed and as mandated in the ‘Clean Energy for All Europeans’
Package (Article 51 of the recast Electricity Directive), storage should be considered as a key element. This
methodology should consider integration problems holistically, i.e. stability services needs, constraint
management, and black start strategies. Services should be developed in a way that makes them compatible
and stackable to support the development of economically efficient solutions.
As the EU strives to achieve a net-zero power emissions system by 2050, it is incredibly important to begin
developing the market services and grid planning methodologies to prepare the ground for integrating very
high shares of renewables in a cost-effective way.
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Appendix A.
Properties of Synchronous
and Non-Synchronous
Generation
Synchronous Generation rely on a rotating mass spinning at an angular speed that results in alternating current
at 50 Hz.
Figure 15 summarises the properties of synchronous and non-synchronous generation. The per unit (PU) units
presented in the figure allow direct comparison of the capabilities of each form of generation. It is possible to
see for example that in terms of short circuit level synchronous generators have a significant advantage over
non-synchronous generators as the former’s capability is 6 to 7 PU against 0 to 1.5 PU for non-synchronous
generation. Indeed, some forms of non-synchronous are not able to provide short circuit level. In terms of
dynamic reactive power capabilities synchronous generator’s capabilities vary from 2-3 PU against only 0.3 PU
for non-synchronous generators. Finally inertia can only be provided by synchronous generators.

Figure 17 - [36]

[36] Adapted from National Grid ESO, “System Operability Framework. Whole System Short Cirtuit Levels”, December 2018.
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***
About EASE:
The European Association for Storage of Energy (EASE) is the leading member - supported association
representing organisations active across the entire energy storage value chain. EASE supports the
deployment of energy storage to further the cost-effective transition to a resilient, low-carbon, and secure
energy system. Together, EASE members have significant expertise across all major storage technologies
and applications. This allows us to generate new ideas and policy recommendations that are essential to
build a regulatory framework that is supportive of storage.
For more information please visit www.ease-storage.eu
***
Disclaimer:
This content was elaborated by EASE and reflects a consolidated view of its members from an energy
storage point of view. Individual EASE members may adopt different positions on certain topics from their
corporate standpoint.
***
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