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SUMMARY 
 

The aim of this investigation is to set requirements for optimal participation of battery energy storage 

systems in ancillary services. In this case the target is to maintain or improve the frequency nadir 

following loss of generation events. Phasor measurement unit data from approximately 50% of the 

generators on the island of Ireland is analysed for three under frequency events. In each event 

approximately 14% of generation was lost resulting in a frequency nadir of 49.25 ±0.02 Hz. For each 

event the quantity of additional power delivered from generation sources, during the first 6 seconds, is 

estimated based on Phasor measurement unit and market participation data. It is surmised that additional 

energy delivered before the frequency nadir directly determined the severity of the nadir. The quantity 

of power that might be delivered by battery storage systems, with varying operational parameters, is 

quantified. The results support the conclusion of Ireland’s TSO that 360 MW would be optimal to 

support the 75% renewable penetration required by 2020. Presented in this investigation is the response 

of the 10 MW grid connected battery storage project in Northern Ireland. It is determined that the BESS 

provided 53% of the maximum possible energy that it could deliver before the frequency nadir. The 

factors that determine the 53% figure are displayed and potential methods of improving this figure 

suggested. The potential for a large per unit displacement of synchronous generation by storage solutions 

is demonstrated using the battery response data. Under frequency transients on the Irish system tend to 

be cleared in 15 seconds, this places a very small demand on battery capacity suggesting that for this 

type of service provision investment should be focused on the inverter power capacity. 
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1. INTRODUCTION 

 

Power systems must carry spare capacity in order to deal with unforeseen changes in load and 

generation. Sudden decreases in generation are traditionally more common and more serious than load 

loss or generation gain. When loss of generation events occur the power system draws power from the 

inertia of connected synchronous generators, then the primary operating reserve (POR), followed by the 

secondary operating reserve (SOR) and tertiary operating reserve (TOR). Historically the loss of a 

significant amount of load was unlikely given the design and operation of power systems. However, 

with the increasing use of high voltage direct current (HVDC) interconnectors a significant loss of load 

becomes an inevitability. 

 

In an effort to decarbonise electrical power systems, conventional fossil fuelled synchronous generators 

are being displaced by renewable energy sources such as wind turbines. Many of these power sources, 

including HVDC, are inverter based technologies that do not provide the inertial response of 

synchronous machines and generally do not have stored energy that can provide POR, SOR and TOR. 

The increasing use of these distributed generation (DG) systems increases the desirability of inertial and 

reserve services while displacing the primary source of these services. 

 

Grid connected battery energy storage systems (BESS) offer a method of storing electrical energy and 

quickly delivering it when needed. Historically the high cost of batteries, and the associated inverters, 

made these technologies uneconomical; however, the price point has fallen such that they are becoming 

financially competitive [1]. BESS systems can provide arbitrage and peak lopping services; however, 

an important income stream for these devices will come from the provision of services such as POR, 

SOR and TOR with the potential of providing new inertial services.  

 

2. SCOPE OF THIS INVESTIGATION 

 

This paper investigates the response of synchronous generators, on the Irish power system, to three loss 

of generation events. Over the three events a generator tripped causing the loss of between 13.5% and 

14.4% of the total generation capacity at the time. Between 13.0% and 30.2% of the power being 

consumed on the Irish system was coming from non-synchronous sources, specifically wind generation 

and HVDC links. The three events resulted in frequency nadirs of 49.25 ±0.02 Hz. Further details of 

these events can be viewed in Table 1. 

 

The primary data sources for this investigation 

were SEMO [2] energy trading records and phasor 

measurement units (PMUs) monitoring generators 

on the Irish power system. The power response 

from PMU monitored generators was scaled using 

bulk SEMO data to generate an estimate of the total 

power response from generators connected to the 

system. Displayed in Fig 1 is the estimated power 

response during Event 2, the coal response from 

Event 1 is added for informational purposes.  

 

It can be observed from Fig 1 that wind provides 

virtually no inertial response or POR, SOR or TOR 

services. What little occurs appears to arise from 

older generation fixed speed wind generation. At 

present non synchronous sources of power, such as 

wind generation, are constrained to 55% of 

Ireland’s total generation, but the aim for 2020 is to 

increase this value to 75% [3].  

 

 

Table 1 – Details of Three Loss of Generation Events 

    

Event Label E1 E2 E3 

    

Gen Loss [MW ] 433 432 437 

% of Total Sync. Gen. 14.2 13.5 14.4 

SNSP [%] 13.0 20.7 30.2 

Max RoCoF [mHz.s-1] -352 -343 -274 

Time of Max RoCoF [ms] 660 680 860 

Frequency Nadir [Hz] 49.27 49.23 49.23 

Time of Freq. Nadir [s] 4.58 5.26 4.96 

Metered Generation [MW ] Half Hour Before Loss of Gen 

Total Synchronous Generation 3057 3190 3034 

Gas 1527 1889 2049 

Coal 1058 973 661 

Other Synchronous Generation 472 328 344 

Wind 397 542 510 

HVDC 35 211 543 

% Generation Being Monitored by PMUs   

Total 50 56 47 

Gas 88 92 67 

Coal 33 0 24 

Wind 2.3 21 5.5 

HVDC 100 100 100 
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At present there exists a 10 MW BESS at Kilroot Power Station which can provide POR, SOR and TOR 

services and this plant is intended to be increased to 100 MW in the coming years. Ireland’s transmission 

system operators (TSOs), EirGrid and SONI, are conducting research into the quantity of BESS that 

might be required to maintain a stable system at a system non-synchronous penetration (SNSP) of 75% 

[4]. This study concluded that 360 MW of BESS, operating with various control parameters, could 

maintain the present transient stability. 

 

In this paper the quantity of power delivered to the power system, from the various generation 

technologies, is estimated based on real data. The intention is to estimate the amount of additional energy 

that different synchronous generation technologies provide, critique their ability to deliver this power 

and estimate the quantity of BESS required to meet the current demand. An interesting point to note 

from Fig 1 is that over 50% of the additional power being delivered to the grid after 20 seconds came 

from pumped hydro and HVDC links. This observation demonstrates the existing reliance of the Irish 

power system on storage and inverter based technologies to maintain system stability. 

 

3. TIMESCALES FOR BESS OPERATION 
 

The value of an ancillary system service, both from an economic and engineering perspective, falls with 

the time it takes for a response to occur. Shown in Fig 2 is the frequency and RoCoF trace from Event 1. 

The plot has been divided into three time periods, these are, 

 

1. Nadir Reduction (0 – 6 s) 

2. Frequency Recovery (6 – 15 s) 

3. Post Event Services (15+ s) 

 

Recently Ireland’s TSOs have released 6 additional ancillary services that complement the existing 

services [5], these compensate the provision of inertia and fast frequency response (FFR). The services 

that cover the time period displayed in Fig 2 are the FFR service in [5] from 2 seconds to 10 seconds, 

POR from 5 to 15 seconds and SOR from 15 to 90 seconds.  

 

FFR services are intended to help arrest the frequency drop during a transient, increase the time to nadir 

and reduce the severity of the nadir [4]. Historically, system inertia provided time for POR services to 

operate and restore frequency to nominal. SOR services exist to allow POR services to ramp down, so 

they are available if a second event occurs; an orderly transition of power then continues from SOR to 

TOR which runs from 90 to 300 seconds. 

 

This investigation focuses on power system and BESS operation during the nadir reduction period from 

0 to 6 seconds. BESS could also be used for dampening services during frequency recovery and after 

return to nominal (Post Event Services). Over these three events an overshoot was observed in Event 2, 

Fig 1 – Estimated response of generators to the 

Event 2 under frequency transient 
Fig 2 – Plot of frequency and RoCoF during 

Event 1, time periods are highlighted 
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post event oscillations in Event 3 and suggestions of 

inter-area oscillations during all events (see gas 

behaviour in Fig 1 and Fig 3). 

 

4.  FREQUENCY NADIR REDUCTION 
 

 After the maximum RoCoF has occurred, 

approximately 1 second after the three incidents, the next 

imperative is reducing the frequency nadir. The 

frequency nadirs occurred between 4.58 and 5.26 

seconds after the loss of generation (Table 2). The 

severity of RoCoF and the frequency nadir are reduced 

by replacing the lost power as quickly as possible. 

 

The effect of system inertia, droop response and POR 

response on the frequency nadir can be quantified in terms 

of additional energy delivered to the system before the 

frequency nadir. Fig 4 is the integral of Fig 3, and shows 

additional energy delivery. Data from plots such as Fig 4 

are used to produce the data in Table 2. The total energy 

delivered to the system in the first 6 seconds is estimated 

as 2.04 and 2.21 GW.s in Events 1 and 3. An estimate is 

not made for Event 2 as no coal plants were being 

monitored, but it is assumed to be similar to, but less than, 

Event 3.  

 

The quantity of power that might be delivered by 360 MW of BESS, acting with different delay times 

and ramp rates, is presented in Table 3. The figure of 360 MW is used as EirGrid/SONI have concluded 

that this is an appropriate figure for BESS to maintain system stability at an SNSP of 75% [4]. The ramp 

rate in Table 3 is quoted as s-1, this is a normalised valued i.e. a 10 MW unit with a 20 MW.s-1 ramp is 

given as 2 s-1.  

 

It may first be noticed from Table 3 that a 360 MW BESS operating with no delay and an infinite ramp 

would, in principle, provide an additional 2.16 GW.s of energy to the power system over 6 seconds. As 

can be observed from Table 2, the required additional system power is in the region of 2.0 to 2.2 GW.s 

so this figure could be met with the modelled BESS. If the aim of the BESS was to provide 75% of the 

2.2 GW.s response, then this would require 1.65 GW.s. Such a value would be met with a BESS with a 

delay time of 500 ms and a ramp rate of 0.5, or a delay time of 1 s and a ramp rate ≥ 5 s-1. 

 

 

Table 3 – Theoretical BESS output with varying 

performance parameters 

Delay Time Ramp 360 MW 

[ms] [s-1] BESS [MW.s] 

0 ∞ 2160 

250 5 2034 

250 0.5 1710 

500 5 1944 

500 0.5 1620 

1000 5 1764 

1000 0.5 1440 

2000 5 1404 

2000 0.5 1080 

Table 2 – Details of power system and generator  

response up to frequency nadir  

Event Label 1 2 3 

 

Frequency Nadir [Hz] 49.27 49.23 49.23 

Time of Freq Nadir [s] 4.58 5.26 4.96 

Energy Response [MW.s] 509 N/A 536 

Energy Delivered After 6 s [MW.s] 

Total 2208 N/A 2043 

Gas 414 839 981 

Coal 859 N/A 370 

HVDC 662 662 405 

Pumped Hydro 273 148 287 

Fig 3 – Estimated response of generators during 

Event 3, along with ideal droop response 

Fig 4 – Plot of energy response of generators in 

the nadir reduction period 
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Synchronous machines are the benchmark for provision of services that ameliorate RoCoF and 

frequency nadir. It can be observed from Fig 3 that synchronous machines (gas and coal) perform very 

well in the first 1.75 seconds post event, ramping up power almost instantly and maintain this power 

output as RoCoF remains relatively constant. The addition of static reserve from the HVDC connection 

appears vital to reducing RoCoF and replacing the associated loss of power from the inertial response. 

The effect of BESS is functionally identical to that of HVDC on the power system. If BESS demonstrate 

that they can respond to a drop in frequency in less than one second, then they could curtail RoCoF 

earlier and reduce the frequency nadir, thereby providing a more valuable service.  

 

The PMU monitored response of a BESS during one of the events is presented in Fig 5. The plot shows 

the measured response and the energy delivered to the system. The monitored BESS is a ±10 MW unit, 

and participates in POR via a droop response and frequency deadband. The BESS exceeds existing POR 

requirements and demonstrates an ability to meet the Irish Single Electricity Market’s new FFR service 

and FFR services on other networks, such as Great Britain’s [6]. Table 2 demonstrates the desirability 

of further reducing delay time, the delay primarily arises from the time it takes frequency to leave the 

deadband, measurement delays, control delays, technical limitations and un-optimised control strategies.  

 

Under this operating characteristic, the BESS delivered 100% of its potential power delivery during the 

POR period, from 5 to 15 seconds, this is simply 100 MW.s. The BESS delivered 32 MW.s of additional 

energy to the power system before the 6 second mark, the maximum possible energy delivery is 

60 MW.s. This preliminary investigation demonstrates that there is scope for a 47% increase in the 

ability of the BESS to reduce the frequency nadir. The authors propose that an emergency signal should 

be generated and forwarded to the BESS to instigate an immediate power ramp. This emergency signal 

would be triggered from transient detection, either through voltage or synchronous machine power 

measurements, and could be generated locally or as part of a wide-area control network. By instigating 

a power ramp signal, delays in many parts of the control chain could be minimised; from frequency 

measurement, which often occurs over a 100 ms window, to the downturn in power output from the 

BESS, as it attempts to follow a droop characteristic, adding approximately 1 second to the time to full 

power. The BESS demonstrates that it has a ramp rate in excess of 10 MW.s-1 or 1 s-1, but this is 

effectively reduced to 0.5 s-1 by droop control.     

 

The potential for BESS response to replace or displace synchronous response is demonstrated in Fig 6, 

where the inertial and droop response from a synchronous generator are plotted alongside the response 

from the BESS. The coal and gas synchronous generator studied in this investigation had an inertial 

response between 7% and 14% of their maximum output. A 10 MW BESS then has the potential of 

replicating the response of a 142 MW to 71 MW synchronous machine. The POR response from 

synchronous machines varies greatly and is provisioned by the TSO, in Fig 6 the POR response can be 

seen to be approximately 15%. On the Irish power system a POR of 75% of the largest infeed is 

maintained, this would stand at 375 MW if the HVDC interconnectors were fully loaded. It is evident 

that a 100 MW BESS could provide 26% of the POR requirement and a 360 MW BESS effectively 

Fig 5 – Power and energy response from BESS 

during Event 3, with ideal 1% droop response 

Fig 6 – Plot of BESS and synchronous power 

response to demonstrate improved PU response 
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100% of it. Activity of a BESS in 1 to 5 seconds region post fault would smooth the transition between 

the inertial and POR response from synchronous generators. At present this service is effectively 

fulfilled by the static reserve service provided by the HVDC links, which is evident from Fig 3. 

 

It is worth noting that the maximum energy participation of the BESS over the 30 second period in Fig 5 

is 300 MW.s, but the battery capacity is 5 MW.h or 18 GW.s. A common BESS design has an energy 

to power ratio of one to two. Typical operation allows for 15 min full import and export from a 50% 

state of charge, this is a requirement for participation in the FFR service in Great Britain [6]. This 

investigation demonstrates that an energy to power ratio of 1:30 would suffice for symmetric service 

provision with the ability to provide four consecutive 15 second responses. This should inform battery 

verses inverter investment and might also allow system operators to install these devices without 

interfering with liberalised energy markets, as power could be delivered and recouped over a single 

trading period.  

  

5. CONCLUSION 

 

This paper uses PMU data recorded on the island of Ireland during three significant under frequency 

transients. The results support the conclusion in [4] that 360 MW of BESS could maintain the present 

frequency nadir while operating at an SNSP of 75%. If the 360 MW of BESS operated with virtually no 

delay and a high ramp, then it could potentially provide the entire energy response observed in the first 

six seconds of the events. If the BESS operated with a delay time of 1 s and a ramp of 5 s-1 then 75% of 

the system response would be replaced. In this case the 360 MW of BESS would provide a greater 

energy response, over the first 6 seconds, than the 3 GW of synchronous generation that was active at 

the time of the events (Table 1). BESS seem like they have a significant displacement factor when it 

comes to replacing the inertial response of synchronous machines and seem ideal at providing a POR 

response. Synchronous machines providing a POR response typically run at a lower power and therefore 

efficiency, so removing their POR responsibility would reduce energy and environmental costs. 

 

New event detection and control parameters may be required to achieve a minimum delay time and a 

maximum ramp rate. Various BESS responses, such as droop and a ramp response were tested in the 

DS3 grid studies conducted by Ireland’s TSOs [4]. It is felt that an emergency ramp signal, either 

generated locally or by a system operator, would greatly improve the response of BESS. A ramp in 

power is observed from most power sources during these under frequency events and it is felt that it 

would be appropriate for the BESS to respond similarly. A minimum delay in transient detection would 

be achieved by direct measurement of the inertial response of one or multiple synchronous generators. 

This would allow millisecond detection of generation imbalances on the power system.  

 

BIBLIOGRAPHY 
 

[1]  Obi, M., Jensen, S.M., Ferris, J.B. and Bass, R.B., 2017. Calculation of levelized costs of 

electricity for various electrical energy storage systems. Renewable and Sustainable Energy 

Reviews, 67, pp.908-920. 

[2] Single Electricity Market Operator, SEMO . Metered generation data. [Online]. Available: 

http://www.sem-o.com/Pages/default.aspx  

[3] J. O’Sullivan, A. Rogers, and A. Kennedy, “Determining and implementing an approach to system 

frequency and inertial response in the ireland and northern ireland power system,” in 2011 IEEE 

Power and Energy Society General Meeting. IEEE, 2011, pp. 1–6.  

[4] EirGrid/SONI . Rocof alternative & complementary solutions project phase 2 study report 31st of 

march 2016. [Online]. Available: http://www.eirgridgroup.com/site-files/library/EirGrid/RoCoF-

Alternative-Solutions-Project-Phase-2-Report-Final.pdf  

[5] EirGrid/SONI . Consultation on ds3 system services interim tariffs ds3 system services 

implementation project 8 april 2016. [Online]. Available: http://www.eirgridgroup.com/site-

files/library/EirGrid/OPI_INV_Paper_DS3-Interim-Tariffs-Consultation-FINAL-08042016.pdf  

[6] National Grid . Enhanced frequency response. [Online]. Available: 

http://www2.nationalgrid.com/Enhanced-Frequency-Response.aspx  

http://www.eirgridgroup.com/site-files/library/EirGrid/RoCoF-Alternative-Solutions-Project-Phase-2-Report-Final.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/RoCoF-Alternative-Solutions-Project-Phase-2-Report-Final.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/OPI_INV_Paper_DS3-Interim-Tariffs-Consultation-FINAL-08042016.pdf
http://www.eirgridgroup.com/site-files/library/EirGrid/OPI_INV_Paper_DS3-Interim-Tariffs-Consultation-FINAL-08042016.pdf
http://www2.nationalgrid.com/Enhanced-Frequency-Response.aspx

