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Disclaimer

EirGrid as the Transmission System Operator (TSO) for Ireland and SONI as the
TSO for Northern Ireland make no warranties or representations of any kind with
respect to the information contained in this document, including, without limitation, its
quality, accuracy and completeness. We do not accept liability for any loss or
damage arising from the use of this document or any reliance on the information it
contains. The use of information contained within this consultation paper for any form

ofdecisionmaki ng i s done so at the userod6s sole ris
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Executive Summary

EirGrid and SONI are the Transmission System Operators (TSOs) in Ireland and
Northern Ireland. As Transmission System Operator (TSO) in Ireland and Northern
Ireland, it is our job to manage the electricity supply and the flow of power across the
island of Ireland. This work is done from the National Control Centre (NCC) in Dublin
and the Castlereagh House Control Centre (CHCC) in Belfast.

Electricity is generated from gas, coal and renewable sources (such as wind and
solar power) at sites across the island. Our high voltage transmission network then
transports electricity to high demand centres, such as cities, towns and industrial

sites. We operate the transmission system in a safe, secure and economical way.

One of our key tasks is to maintain balance between electricity supply and electricity
demand. Electrical frequency is the measure of balance between supply and
demand. When supply and demand are balanced, the electrical frequency is at

50 Hz. We must maintain this balance on the system all day, every day.

Imbalances between supply and demand occur from time to time on the power
system. For example, if a large electrical generator suddenly disconnects and its
electrical power is lost. In this scenario, the supply from the system is temporarily
below the demand and the system frequency begins to fall. EirGrid and SONI are
responsible for restoring the balance in the seconds and minutes after the event
occurs. Restoring the balance returns the electrical frequency to 50 Hz.

One of our interests in a system imbalance event is the rate at which the frequency
falls. This is known as the rate of change of frequency (RoCoF). Events that result in
high RoCoF levels can potentially lead to instability in the power system. All power
systems, including the Irish power system, have inertia. Inertia is a resistance to
change in motion. The inertia on the power system resists the RoCoF and helps
maintain system stability. This report investigates the use of different sources of
inertia and how they can aid in restricting the RoCoF following large system

imbalances. The paper is technical in nature and is aimed at a technical audience.
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The report outlines the studies performed as part of the analysis for the second
phase of the rate of change of frequency (RoCoF) Alternative and Complementary
Solutions project. Our aim was to determine volumes of synchronous and/or

synthetic inertia to maintain RoCoF at 0.5 Hz/s.
Our findings from the analysis presented in the report are as follows:

a) Synchronous inertia is a solution to maintaining RoCoF within + 0.5 Hz/s.
Technical studies support current operational policy that relates the system
inertia requirement with the largest single infeed. The studies indicate that a
system inertia of 20,000 MW.s, or greater, would need to be retained for the
majority of dispatches to maintain potential RoCoF within 0.5 Hz/s. This
equated to approximately 12,000 MW.s of supplementary synchronous inertia
being added to the 1 Hz/s base case scenario in the study. Adding further
system constraints to the base case, such as minimum reserve requirements,

reduces the amount of supplementary synchronous inertia required.

b) Synthetic inertia could be a solution to maintaining RoCoF within + 0.5 Hz/s,
however, there were challenges associated with these devices. The
performance of the synthetic inertia devices, for the purposes of maintaining
the RoCoF within £0.5 Hz/s, was found to be highly sensitive to the
characteristics of the response. In particular, the device response time and
ramp rate were of significant importance. In order to meet the RoCoF criteria,

it was found that the following criteria would need to be satisfied:
1 to begin responding from 100 milliseconds from the start of the event.

1 to ramp at a sufficient rate to deliver power to the system. For the
system to remain within the RoCoF limit, the active power injection
must be fully achieved 200 milliseconds after the device begins to

respond.

1 a suitable form of control to prevent unintended adverse system issues

during the frequency recovery, and
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c)

d)

1 a minimum of +360 MW of supplementary synthetic inertia would need
to be available for the duration of the RoCoF event.

1 Synthetic inertia response is required for both high and low frequency

events.

A combined synchronous and synthetic inertia response to system events
may deliver a suitable result. The results are highly sensitive to the synthetic
device characteristics and careful consideration would be required to

determine the appropriate combination of synchronous and synthetic devices.

A solution involving synthetic devices would likely require a TSO-led project
where response characteristics would be developed and clearly defined. The
TSOs would need to fully understand the capabilities of these devices through

further detailed analysis and/or demonstration testing.

Our analysis presented within this report illustrates that there are credible alternative

solutions to the RoCoF issue. Synchronous inertia provides a solution to resolving

the RoCoF issue. The provision of synchronous inertia could be from many solutions

including:

T

significant reduction of existing minimum generation levels of conventional
plant,

synchronous storage devices such as compressed air or pumped-hydro
storage,

rotational stabilisers,

synchronous compensators,

flexible generating plant.

We also found that synthetic inertia devices could provide a solution to the RoCoF

challenge. A wide range of possible synthetic inertia solutions have been considered

as part of the project which include:

T

T

non-synchronous storage devices including battery, flow-battery, flywheel and
super-capacitor technologies,

Wind turbines,
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i HVDC interconnectors,

1 Demand Side Management.

There is a wide range of possible synthetic inertia technologies and we believe that
further detailed analysis or device testing would be required to gain a full
appreciation of the capabilities of these devices. Our analysis has indicated that the
suitability of synthetic devices for solving the RoCoF issue is highly dependent on
the device response characteristic. Widespread application of these devices on the
system to resolve RoCoF would require further analysis. We are also of the view that
a project to develop an appropriate system-wide synthetic inertia scheme would be
required. A project of this nature would require a TSO lead approach with industry
engagement.

We believe that the project has demonstrated that alternative solutions are available
to resolve the RoCoF issue. At this stage, we believe that further analysis on
alternative solutions to the RoCoF issue should only be performed if results from the
primary RoCoF projects indicate that alternatives are required. The analysis
conducted as part of the RoCoF Alternatives Study should not be perceived as the

commencement of a procurement process for synchronous or synthetic devices.

RoCoF Alternative Phase 2 Study Report Page 6



Contents

EXECULIVE SUMIMANY ...eiiiiiiiiiiiiiiiieiiee ettt ettt et ettt e et e et e e e et e e e e e e e e eeeeeees 3
GlOSSANY OF LB MNIS .. 10
(R o ol [0Tox i o] o BT TP T PP PPPPPPPPPPPPP 14
1.1 BACKGIOUNG. .. ..uiiiiiiiiiiiiiii e 14
1.2 Rate of Change of FreqUENCY PrOjJECE ............oiiiiieiiiccee e 15
1.3 ROCOF ARErNatives PrOJECT. .......uuuuiiiiiiiiiiiiiiiiiiiiiiii e 16
1.4 Overview of Phase 1L ANAIYSIS........ciiiiiiiiiiiiiii e 16
1.5 Overview of PNase 2 ANAIYSIS.........uuuuuummmiiiiiiiiiiiiiiiiiiii e 18
I G = =T o Lo A LU 1 1= TP 19

2 DISCUSSION OF FESUILS ....ceeiiiiiiiiiiiii et e e e s 20
2.1  Selection of the techno-econOMIC base CaSe ............coovvcviiiiiiiiiiiiiiice e 20
2.2 BASE CASE IESUILS ......eiiiiiiiiiiiee e 21
2.3 Synchronous iNertia StUAIES ..........ccvvviiiiiiiiiiiiiiiee e 21
2.4  SynthetiC iNertia STUAIES ........uuciii i e 23
2.5  Synchronous and synthetic inertia combination studies ...........cccoeevvviiiiiiiiinnneenn, 28

3 Phase 2 Study MethodolOgy ........ccuuuiiiiiiieii e 30
3.1 APPIOACK i 30
3. 1.1 TECNNO-ECONOIMIC ..ttt et e e e e e e e e e 31
3.1.2  TeChNiCal STUAIES ......cooiiiiiiiiiie et 31

3.2 Generation Of DASe CASE........cccovviiiiiiiiii 33
3.2.1  Generation diSPatChl.........cooiiiiiiiiiii e 34
3.2.2  Technical study - load demand and model..............ouueeiiiieieiiiiiiiiiee e 36
3.2.3  Technical simulations network Model..............ooociiiiiiiiiiiiiee e 37
3.2.4  Techno- economic output transfer to technical simulations ............................ 37
3.2.5  RESOIVEA CASES ...coeiiiiiiiiiiiei ettt 38
3.2.6  System proteCtion MOUEIS...........uuuuuuuuiiiiiiiiiiiiiiiiiiiieie bbb 38
3.2.7 Power system StatiC r@SPONSE .....ccoieiiieiiaie et e e 39
3.2.8  SIMUIALION TIME ... 40
N B o] o1 1] T [=] o[ 40
3.2.10  ACCEPLANCE CIEEIIA ...uueeeeeeeeeeieiee e e ettt e e e e e e et a e e e e e e e eeeeetna e e e eeaeeeennnes 41
3.2.11 ROCOF calculation MethOAS ............uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiee e 42

RoCoF Alternative Phase 2 Study Report Page 7



3.2.12 LOCAtIONS fOr INEITIA HEVICES. ....ceiieie ettt e e e aaeens 42

3.3 Modelling of Synchronous and Synthetic Inertia DeViCes .........ccceeveeeviiiiiiiiieneeennn, 43
3.3.1  Supplementary inertia dynamic MmodelS...........coooeiiiiiiiiiin 43
3.3.2  SCENANIOS ANAIYSIS ..uuuuiiiieeeiiieiiiie e e e a e e e e e aaane 49

4 RESUIRS .. 53

4.1  Techno-economiC AiSPAICH .........ueiiiiiiiiiiiiiiieiii e 53
4.1.1  PlEXOS AISCUSSION .ttt e e e e e 53
4.1.2 PIEXOS OULPUL ... 54

4.2 BASE CASES ...eeieeiiiiiteitiieee ettt et e ba—an e a bbb n i nnne 55
42.1 Base Case analysis of under-frequency eVents ...........cccoeeeeeeeeeeeeeeeee e 56
4.2.2 Base Case analysis of over-frequency events.......cccooooeevviiviiiiiceieeeeeeceeiiiinn, 57
4.2.3 MINIMUM FESPONSE TIME ... 58
4.2.4  WOrst-Case CONLINGENCY ........cuuuuuiiiieeeeiiieiiiiiee e e e e eeeeeettiaa e e e eeeesearatiaeaeaeaseeannnes 60

4.3 SYNchronOUS iNErtia STUAIES .........uuuueuiiiiiiiiiiiiiiiiieiiieieeebieeee bbb eeeeeeeeeeeeeeneanene 61
43.1 UNAer-freqQUENCY BVENTS......ccoeeiieeeeeeee e 61
4.3.2 OVEr-frEQUENCY BVENES... ..t i it e e e e e e e e e e 64
4.3.3  Comparing techno-economic and technical results .............cccevvvvceeiiieenninnnns 66

4.4  SynthetiC INErtia STUAIES ......coii i et e e e e e aanees 67
44.1 Frequency triggering of the supplementary inertia ..., 67
4.4.2  Intermediate CONCIUSION ........iiiiiiiiiiiiiii it 73
443 RoCoF triggering of the supplementary inertia..............cooeeeeeeieeeeeeeeeeeee, 74
4.4.4  Time triggering of the supplementary inertia ............ccccceeeeieeeriiiiiiiieee e, 76
4.45  Controlled droop response of the supplementary inertia ..., 79
446  Step and droop response of the supplementary inertia ..., 81
4.4.7  Variation of ramp-rate of supplementary inertia............ccc..ocoeiiiiiiiiiinieeenciinnnn, 83
4.4.8 Influence of load model variation..............ooooeeeeiiieei 84

4.5 Synchronous and synthetic inertia combination studies .............ccccevviiiiienieenniinnn, 87
45.1 UNder-freqQUENCY BVENTS......ccoe oo 87

5 SUMMArY and NEXE STEPS .....ieeeiieiiiiiiee et e e et e e e e e et e e e e e e eneenns 89

5.1 Phase 2 study fiNdiNgS.......ccoooiiiiiiiiiiii 89

5.2  ROCOF Alternatives ProjeCt SUMMAIY .......ccoeeiiiiiiiiiiiae e 90

TG T [ (S (= o1 ST PP UPPPTRRUPPPIN 92

6 References and Bibliography ... 93

RoCoF Alternative Phase 2 Study Report Page 8



A Y o] o 1= o T [
7.1 Additional SENSILIVILY.......ccoeiiiiiiii e
7.1.1 Under-frequency events (49.8 Hz) i Time delay included..............

7.1.2  Step response of supplementary inertia with blocking on recovery

RoCoF Alternative Phase 2 Study Report

Page 9



Glossary of terms

AC electricity T alternative current (AC), a type of power used to deliver electrical

power to businesses and residences.

Active Power T is the instantaneous measure of true power, measured in units of

watts.

CER-The Commi ssion for Energy Regul ation (0t
responsible for overseeing the regulation of Ireland's electricity and gas sectors. The
CER was initially established and granted regulatory powers over the electricity

market under the Electricity Regulation Act 1999.

Contingency - The unexpected failure or outage of a system component, such as a
generation unit, transmission line, transformer or other electrical element. A
contingency also may include multiple components, which are related by situations

leading to simultaneous component outages.

Conventional Generation - Types of generation technologies in existence prior to

emergence of renewable energy generators.

DC electricity 1 direct current (DC) is used for sending electricity long distances,
frequently underground or beneath the sea and often between countries.

Delivering a Secure Sustainable Electricity (DS3) - The aim of the DS3
Programme is to meet the challenges of operating the electricity system in a secure

manner while achieving the 2020 renewable electricity targets.
Demand - The electrical power consumed by the end-user.

Distribution line 1 is normally considered to be a line that is used to deliver power

drawn from the high-voltage transmission systems to end-use customers.

Distribution system 7 is the system which consists of electric lines, electric plant,
transformers and switchgear and which is dedicated to delivering electric energy to

an end-user.
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Droop - The percentage drop in the frequency that would cause a generating unit

under free governor action to change its output from zero to its full capacity.

Distribution System Operator (DSO) - Electricity Supply Board (ESB) Networks is
a DSO licenced by the CER to manage and operate the sub-transmission electricity
grid across Ireland. NIE Networks (NIE) is a DSO is licenced by the UR to manage

and operate the sub-transmission electricity grid across Northern Ireland.

EirGrid 1 is a state-owned company that manages and operates the high voltage
electricity grid across Ireland. EirGrid is responsible for planning for the future of the

grid.
EirGrid Group - EirGrid and SONI are part of the EirGrid Group.
Energy import and export 1 Ireland imports and exports energy on to the

transmission system using two interconnectors that link it to the UK; the East West

and Moyle Interconnectors.

Event - An unscheduled or unplanned occurrence on the electrical grid, including

faults, incidents and breakdowns.

Frequency i the number of complete cycles per second in AC direction. The
standard unit of frequency is the hertz, abbreviated Hz. If a current completes one
cycle per second, then the frequency is 1 Hz. The standard frequency in Ireland is 50
Hz.

Frequency response - The automatic adjustment of active power output from a

generation unit(s) or interconnector in response to frequency changes.
Generator i a machine that converts energy into electricity.
GB (Great Britain) 1 The lands of England, Scotland and Wales.

Gridia network or O0ener gy muooltageroweshgad linessade up o
underground cables, as well as transmission stations. The network links energy
users with energy creators. It is designed to ensure that power can flow freely to

where it is needed.
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Grid Code i a technical requirement document prepared by the TSO and approved
by the CER to ensure safe, secure operation of the electrical transmission grid

system.
Inertia i is the resistance of an object to a change in its motion.

Interconnector i a high voltage transmission line connecting the electricity networks

of two separate locations.

NIE Networks - NIE owns and maintains the wires and meters for all electricity

customers in Northern Ireland.

Non-synchronous (synthetic) inertia 7 is the injection of energy from Non-

synchronous generation device in response to a system event.

Non-synchronous generation T is a generator which supplies power to the
electrical Grid via power electronics. Power electronics are used to adjust the speed
and frequency of the generated energy (typically associated with wind energy) to

match the speed and frequency of the transmission network.

Renewable energy i is energy from a non-exhaustible resource such as the sun or

wind.

Rate of change of frequency (RoCoF) i is the change in system frequency over a

certain time. The unit of measurement is Hertz per second abbreviated as Hz/s.

SONI 7 is the licenced electricity system operator for Northern Ireland and is
responsible for planning for the future of the grid.

Synchronous inertia i is the kinetic energy released by a synchronous generator
directly after a change in the system frequency. The measurement unit of

synchronous inertia is MW.s.

Synchronous generation (conventional generation) i in an AC power system;
synchronous generators are directly connected to the grid. The speed and frequency
of a generator matches the running network, changes in system transmission
frequency are matched by the generator. Types of generation fuel include coal, gas,

oil, water and biomass.
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Transmission grid infrastructure i is the physical structures which make up the
transmission grid. These include the cables and lines used to transmit electricity, the
pylons which hold the lines, and the substations used to convert the electrical current
and raise or lower the voltage of that current.

Transmission line i a high-voltage power line transmits (sends) electricity across
long distances. Voltages in Ireland are: 400 kV, 275 kV 220 kV, or 110 kV.

Transmission network T an electricity network made up of power lines, cables and

substations. It links energy creators with the distribution system.

Transmission System Operator (TSO) - The TSO is responsible for managing and
operating the high voltage electricity grid. EirGrid and SONI are licenced by the CER
and UR as the Transmission System Operator for Ireland and Northern Ireland
respectively.

System Non-Synchronous Penetration (SNSP) - is a measure of the non-

synchronous generation on the system at an instant in time.

Synchronous compensator i is rotating synchronous device for the specific
purpose of either generating or absorption of reactive power.

Utility Regulator (UR) - an independent non-ministerial government department set
up to regulate the electricity, gas and water and sewerage industries in Northern

Ireland.

Voltagei t hi s is a measure of O6electric potenti
water system. Just like water needs pressure to force it through a hose, electrical
current needs a force to make it flow. This force is called the voltage and is usually

supplied by a battery or a generator.
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1 Introduction

1.1 Background

EirGrid and SONI are the Transmission System Operators (TSOs) in Ireland and
Northern Ireland. As Transmission System Operator (TSO) in Ireland and Northern
Ireland, it is our job to manage the electricity supply and the flow of power across the
island of Ireland. This work is done from the National Control Centre (NCC) in Dublin

and the Castlereagh House Control Centre (CHCC) in Belfast.

Electricity is generated from gas, coal and renewable sources (such as wind and
solar power) at sites across the island. Our high voltage transmission network then
transports electricity to high demand centres, such as cities, towns and industrial

sites. We operate the transmission system in a safe secure and economical way.

One of our key tasks is to maintain balance between electricity supply and electricity
demand. Electrical frequency is the measure of balance between supply and
demand. When supply and demand are balanced, the electrical frequency is at 50Hz.

We must maintain this balance on the system all day, every day.

Imbalances between supply and demand occur from time to time on the power
system. For example, if a large electrical generator suddenly disconnects and its
electrical power is lost. In this scenario, the supply from the system is temporarily
below the demand and the system frequency begins to fall. EirGrid and SONI are
responsible for restoring the balance in the seconds and minutes after the event
occurs. Restoring the balance returns the electrical frequency to 50Hz.

One of our interests in a system imbalance event is the rate at which the frequency
falls. This is known as the rate of change of frequency (RoCoF). All power systems,
including the Irish power system, possess inertia. Inertia is a resistance to change in
motion. The inertia on the power system resists the RoCoF and helps maintain
system stability. This paper investigates the use of different sources of inertia and
how they can aid in restricting the RoCoF following large system imbalances. The

paper is technical in nature and is aimed at a technical audience.
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1.2 Rate of Change of Frequency Project

We have a responsibility to enable increased levels of renewable sources, such as
wind and solar, to generate on the power system of Ireland and Northern Ireland. We
must to deliver this whilst also ensuring secure electricity supply. The Delivering a
Secure Sustainable Electricity System (DS3) programme was initiated by EirGrid and
SONI to address the challenges of integrating renewable generation on the power
system. One of the key projects within DS3 is to resolve increased rate of change of
frequency (RoCoF) that may arise on the system following large system

disturbances.

Analysis has indicated that high RoCoF events could threaten the security of the
power system during times of high system non-synchronous penetration (SNSP). To
resolve this issue, EirGrid and SONI proposed increased RoCoF standards for
generators connected to the power system. We have also engaged with the
Distribution System Operators (DSOs) to change protection settings to allow for the

higher standard.

The Commission for Energy Regulation (CER) and Utility Regulator (UR) decided to
introduce a Rate of Change of Frequency (RoCoF) standard of 1 Hz/s in Ireland and
2 Hz/s in Northern Ireland. The updated standards will only be introduced when it is
appropriate. CER and UR have established a three stage project to achieve this.
These three strands are as follows:

1. Generator Studies Project
2. TSO-DSO Implementation Project
3. Alternative Solutions Project

The Generator Studies Project assess if generators can endure the higher 1 Hz/s
RoCoF standard. The regulators are targeting a staged introduction of this new

RoCoF standard over a period of 18 to 36 months.

The regulators have also instructed EirGrid and SONI to investigate alternatives to
the inertia problem. The alternative solutions seek to maintain sufficient system

inertia rather than changing the RoCoF standard from 0.5 Hz/s.

RoCoF Alternative Phase 2 Study Report Page 15



1.3 RoCoF Alternatives Project

In November 2014, EirGrid and SONI engaged with industry representatives on the
scope of the RoCoF Alternative Solutions Project. We finalised the project plan
following feedback from industry. The project outline was divided into two phases:

1 Phase 1: The initial phase was a review of alternative technology solutions. A
range of options were assessed. We used a high-level weighted scoring
matrix approach. The scoring criteria we considered included technical
suitability, technology maturity and lead-time assessments. This high-level
assessment provides the basis for our Phase 2 analysis.

A Phase 2: This study involved a more detailed review of options we selected
from Phase 1. The analysis focuses on technical and economic aspects of

each of the shortlisted options.

1.4 Overview of Phase 1 Analysis

EirGrid and SONI commissioned DNV GL to perform the technology assessment as
part of phase 1 of the RoCoF Alternative Solutions project. In June 2015, DNV GL
produced the report ARoCoF Alternatiwv
details the high-level assessment of each technology considered in Phase 1.
DNV GL developed a weighted scoring matrix to perform the high-level assessment

of each technology.

The paper begins by introducing the concepts of synchronous and non-synchronous
(synthetic) inertia. The distinction of these inertia types is important as the
technologies in the report fall into one of the two categories. Examples of
synchronous inertia devices include conventional generators, synchronous
compensators and rotational stabilisers. Synthetic inertia devices include wind

turbines, batteries, flywheels and HVDC interconnectors.
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The paper introduces the concepts of RoCoF detection methodologies and response
time for synthetic inertia devices. DNV GL separated the total response time of a
device into four elements:
1 Measurement Time i the time required to measure or detect the RoCoF
event
1 Signal Time i the time to issue a signal to the device to initiate a response
1 Activation Time i the time for the device to deliver its initial active power
response

1 Ramp Time 1 the time for the device to ramp its active power response

The detection methodology and response time are key parameters for synthetic
inertia devices to prevent high RoCoF events. The report recommended that this be

analysed in further detail as part of the phase 2 analysis.

DNV GL performed the high-level assessment of the characteristics of 13
technologies. DNV GL developed one-pagé adepl at ed assessment !
technology. These faceplates were used to contribute to the high-level scoring matrix
assessment. Short narratives were included with the assessments of each

technology.

The results from the weighted scoring matrix placed synchronous devices higher
than non-synchronous devices. This trend reflects that synchronous inertia is
currently the most established technology for preventing high RoCoF occurrences.
The results also reflect the challenges of RoCoF event detection for non-
synchronous devices. EirGrid and SONI note that the scoring matrix did not result in
a clear favoured approach to resolving the RoCoF challenge. We also note that
rather than having one specific technology solution, a combination of technologies

may need to be deployed.

Following our evaluation of the results obtained from the weighted scoring matrix, we
determined that it would not be beneficial to discount specific technologies analysed

by DNV GL. We decided that the option of construction of an AC interconnection to
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Great Britain would be the only option omitted. This was because the timelines for
installing an AC connection to GB would be beyond the timeframe of the RoCoF

project.

We determined that, rather than assessing individual technology devices in detail in
phase 2, we would analyse synchronous and synthetic inertia on a generic basis.
We believe that this approach enabled us to conduct more efficient analysis on the
full range of devices. We classified each device as synchronous or synthetic. We

then assessed devices based on a generic representation in phase two.

1.5 Overview of Phase 2 Analysis

Our objective in the second phase of the RoCoF alternative project was to study the
deployment of synchronous and synthetic inertia for prevention of high RoCoF
events. The analysis involved a combination of technical and techno-economic
studies with the aim of determining the required volumes of synchronous and/or
synthetic inertia. Our objective was to maintain RoCoF at 0.5 Hz/s whilst allowing for
the System Non-Synchronous Penetration (SNSP) to reach 75%. We also performed
sensitivity analysis to investigate the issues around RoCoF detection and response
time for synthetic devices. The following studies were performed as part of Phase 2.

72 Techno-economi ¢ Obase casebd6 siHzdwpnd SNE®PGad F s et
to 75% were the only system constraints included.

E Technical Studies: Frequency Stability studies for each scenario from the
hourly economic generatondi spatch wusing EirGridés A
Studies tool. Synchronous and/or synthetic inertia is added until the
potential RoCoF is reduced from 1 Hz/s to 0.5 Hz/s for each hour in the
year.

72 Technical Sensitivities: Sensitivity analysis was conducted by varying the
characteristic responses of the synthetic inertia devices to determine the
impact of modified responses on the volume of inertia requirement for the

system.
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The sensitivity analysis focused on the device response time to the RoCoF event.
Our aim was to inform the requirements for response times for non-synchronous
devices to ensure RoCoF is adequately managed. The outcomes specified for
the study included:

1 Arange of quantities of synchronous inertia required to yield a RoCoF of no
greater than 0.5 Hz/s will be given for a range of hours over the year.

1 A range quantities of synthetic inertia required to yield a RoCoF of no greater
than 0.5 Hz/s will be given for a range of hours over the year.

1 An outline for proportions of a combination of synchronous to synthetic inertia
volumes to yield a RoCoF of no greater than 0.5 Hz/s will be provided.

1 An outline of the acceptable response time and active power ramp rate of a

synthetic device for the purposes of RoCoF mitigation.

All analyses conducted in Phase 2 of the project were from the perspective of
resolving the RoCoF issue only and are n ot an assessment of eac
ability to provide DS3 System Services. Assessments of the provision of system
services will be conducted as part of the DS3 System Services project. The scope
does not include the establishment of the commercial arrangements for the delivery
of any potential alternative solutions. The project is essentially a technology

assessment and does not constitute a first step in a procurement process.

1.6 Report Outline

This report describes the analysis performed as part of phase 2 of the RoCoF
Alternative Solutions Project. A discussion on the study results is provided in section
0 of the report. Section 3 provides a description of the Phase 2 study outline
including the approach, assumptions and device modelling methodology. Section 4
outlines the results obtained from the techno-economic and technical studies. Study

findings are presented in section 5.
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2 Discussion of results

This study aimed to analyse the deployment of synchronous and synthetic inertia
with a view to preventing high rate of change of frequency (RoCoF) events.
Frequency stability studies were performed to provide an indication of the volumes of
synchronous and/or synthetic inertia devices required to maintain system RoCoF
within 0.5 Hz/s calculated over 500 milliseconds (ms) for 99% of cases analysed. A
wide range of sensitivities were considered however it is recognised that further
analysis would be required in certain aspects of the study. The study initially
generates techno-economic dispatches with the system constrained only by SNSP
and RoCoF. The SNSP limit was set to 75% and RoCoF was set to 1 Hz/s. The
study is concerned with resolving the initial RoCoF on the system and therefore the
period for analysis is limited to 2.5 second after the system event. Transient stability,
voltage stability or other frequency stability requirements outside of this time period

were not considered as part of the study.

2.1 Selection of the techno-economic base case

The techno-economic analysis indicates the differences in inertial requirements for a
system constrained by RoCoF at 1 Hz/s and a system with a 0.5 Hz/s constraint. The
results obtained for the 0.5 Hz/s constraint resulted in inertia levels that are similar to

those currently employed on the power system.

To evaluate the impact of additional constraints on the techno-economic model, the

following sensitivities were investigated:
1 Reduced minimum generation level of large conventional generators.
1 Inclusion of primary/secondary operation reserve (POR/SOR) constraint.

These sensitivities are not considered in the technical analysis. The purpose of these
sensitivity studies was to determine how additional constraints would affect the base

case inertia level.

The results from the techno-economic analysis indicated that reduction of minimum

generation, in itself, would not result in material change in the inertia levels deployed.
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It should be noted that the reduction of minimum generation levels could act as a

solution for introducing supplementary synchronous inertia to the system.

Analysis of an additional primary/secondary operating reserve constraint indicated
that on average approximately 2,500 MW.s of additional inertia would be constrained
on the system. This indicates that an extra mid to large unit would be deployed on

the system to meet the additional constraint.

2.2 Base case results

Results suggest that the device response time following a system frequency event is
crucial when attempting to maintain RoCoF within £ 0.5 Hz/s calculated over 500 ms
in a system with low inertia. In 59% of the analysed cases, the RoCoF exceeded

0.5 Hz/s between 200 and 500 milliseconds after the system event.

2.3 Synchronous inertia studies

The synchronous inertia studies determined the volume of supplementary inertia
requirement, following the sudden loss of generation or load, required to maintain

RoCoF within £0.5 Hz/s (calculated over 500 ms) in 99% of solved simulations.

Supplementary synchronous inertia is represented as a standard synchronous

machine with no additional frequency response capability.

A tabulated summary displaying which scenarios meet the acceptance criterion, as
defined in Section 3.2.10, is presented in
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Table 2.3.1. This summary table presents the cases where RoCoF is maintained
within +0.5 Hz/s and where the frequency nadir or zenith breaches the 49 Hz or
51 Hz frequency limits, respect i imagreen celAsigrifies titaktide criteria
are met for the corresrponngdd nign s@enadi cel Ans
criteria was not met for the corresponding scenario. A grey shaded cell indicates

where a study was not performed for a particular sensitivity.
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Table 2.3.1: Summary table of supplementary synchronous inertia scenarios

‘ Criteria
Volume Event

. I 7

2400
4000
5600

8000 Under

frequency

16000
20000
5600
8000
12000
16000

| 2400 |
| 4000 |
| 5600 |
| 8000 |
| 16000 |
| 20000 |
| 5600 |
| 8000 |
| 12000 |
16000 |

Figure 2.3-1 displays the synchronous inertia duration curves from the techno-
economic and technical studies. The results from the technical studies correlate well
with the results from the techno-economic studies where the RoCoF constraint was
at 0.5 Hz/s. The similarity of both duration curves offers further validity to the
technical study approach. Both sets of results also provide support for the existing
operational policy of maintaining system inertia relative to the largest system infeed.
The minimum system inertia requirement is found to be greater than 20,000 MWs in

94% of cases.

40000
35000

30000 -

Il

< 25000

E 20000 "\

E 15000 \%
10000

5000

0

0% 20% 40% 60% 80% 100%
Hours of the year

Technical Studies = = Techno Economic Studies

Figure 2.3-1: Duration curves of the required synchronous inertia calculated by the technical
studies and the techno-economic inertia requirement calculated as per case A of Table 4.1.1

RoCoF Alternative Phase 2 Study Report Page 23



The synchronous inertia studies indicated that the initial RoCoF could be maintained
within the £0.5 Hz/s in 99% of the cases analysed. The results also indicated that,
unlike the synthetic inertia case, no adverse issues during the frequency recovery
phase. This is due to the inherent nature of synchronous inertia devices and how
they react to system frequency events. The results confirm that synchronous inertia

provides the most a robust solution to preventing high RoCoF events.

2.4 Synthetic inertia studies

The synthetic inertia studies determined the volume of synthetic inertia, following the
sudden loss of generation or load, required to maintain RoCoF within £0.5 Hz/s
(calculated over 500 ms) in 99% of solved simulations. Synthetic inertia is required to

consume and provided power.

Supplementary synthetic inertia is represented by a customised model configured to
provide an active power response with particular characteristics. The primary
characteristic of the active power response is such that the active power output is
ramped up or down and held for a defined duration. Sensitivities of the synthetic
inertia response were performed in the study. The following device performance

sensitivities were examined:
1 Frequency-triggered synthetic inertia examining various trigger set-points.

1 RoCoF-triggered synthetic inertia examining various trigger set-points.

=

Frequency-triggered synthetic inertia with a RoCoF-triggered blocked

recovery.

Time-triggered synthetic inertia examining various trigger set-points.
Controlled droop synthetic inertia response examining various droop settings.
Frequency-triggered synthetic inertia with a droop controlled recovery.

Varied response ramp-rate for the synthetic device.

= == =4 =4 -4

Frequency triggered synthetic inertia with load model variations.
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Table 2.4.1 summarises the study scenarios and whether these scenarios met the
acceptance criterion. This summary table also presents whether RoCoF is

maintained within +0.5 Hz/s and whether the frequency nadir/zenith exceeds

49/ 51Hz, respectively. A O0tickd in a green

correspondi ng -csrcemnsad iion &Anr ek box sign
met for the corresponding scenario. A grey shaded cell indicates where a study was
not performed for a particular sensitivity. Further sensitivity analysis is discussed in
the appendices section.

A description of the findings for each of the synthetic inertia sensitivity scenarios is

shown below:

Fast ramping frequency triggered synthetic inertia response

Fast ramping supplementary synthetic inertia of 360 MW would resolve RoCoF if the
frequency trigger was set to 49.9 Hz and 50.1 Hz. A frequency trigger within 0.1 Hz
of nominal frequency would, for some events, result in over-provision of active power
following small frequency excursions. This could possibly result in unintended
operational issues which in turn could lead to a violation of RoCoF during frequency
recovery. Therefore, an uncontrolled, static provision of synthetic inertia response

appears to be an unsuitable solution to resolving the RoCoF issue.

f

es

k

At a trigger setting of 49.8 Hzand 50.2Hz, t hat evEemitdhsyodnibet i

response would not maintain RoCoF within £0.5 Hz/s in 99% of cases. A frequency
trigger within 0.2 Hz of nominal frequency would require an active power response in
excess of the power systems LSI or LSO to resolve RoCoF. This fast
injection/consumption of active power would lead to violations of RoCoF during
recovery and an overshoot of the nominal frequency. However, it should be noted
that frequency sensitivity of the load may improve the performance of the synthetic

devices and result in the 400 MW synthetic inertia case reaching the criteria.

Following the initial frequency triggered analysis, subsequent frequency triggered
synthetic inertia sensitivity studies were set to trigger at 49.8 Hz with no other

additional time delay.

RoCoF Alternative Phase 2 Study Report Page 25



Controlled

Influence of
load model
variation

droop
response

db

Variation of

—
(]
D
(=]

=

fras}
>
[&]
=
(]
=]
o
(O]
=

LL

Time trigger

0.05Hz

Table 2.4.1: Summary table of synchronous inertia scenarios
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RoCoF-triggered synthetic inertia examining various trigger set-points

A RoCoF controlled response to a system event calculated over 500 ms was not
seen to be a suitable technique to provide an alternative to increasing the RoCoF
limit. A significant number of cases analysed were seen to breach the RoCoF criteria.

This was true even for more aggressive RoCoF trigger levels. As mentioned above,
a significant portion of RoCoF events exceeded 0.5 Hz/s between 200 and 500
milliseconds after the event. Therefore, the synthetic inertia devices would need to
respond in advance of these times. The TSOs recognise that devices may be
capable of detecting RoCoF over a shorter time period, however, there would be
challenges in accurately detecting a RoCoF event in shorter time frames which could
result in similar operational issues observed in the static frequency triggered cases.
Further analysis of alternative RoCoF detection methodologies would be required to

understand these potential issues.

Time-triggered synthetic inertia examining various trigger set-points

The time triggered sensitivity aimed to quantify the impact of device detection and
response time on the ability of synthetic devices to prevent high RoCoF events. The
case does not consider any specific frequency or RoCoF triggering. The simulation
only considers a specified time delay as the trigger and aims to give an indication of
the time in which a device must react to an event irrespective of the underlying event

detection method utilised.

The studies showed that a slower response time for the synthetic inertia response
would result in a greater the number of cases that exceed a RoCoF of 0.5 Hz/s.
These simulations suggest that the active power response should begin to respond
approximately 100 ms after the event to resolve RoCoF in 99% of the cases
analysed. This conforms with the finding that a large number of events exceeded the
RoCoF limit between 200 and 500 milliseconds and therefore a rapid response time

is required.
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Controlled droop synthetic inertia response examining various droop settings

This study investigated the use of a droop controlled synthetic inertia response. The
study indicated that the standard setting of a 4% droop would be insufficient in
preventing high RoCoF events. It was found that a more aggressive droop of
approximately 0.25% would be required to resolve the RoCoF issue for 99% of the
cases analysed. The application of such a droop on the system would need to be
analysed further by the TSO to ensure that the wider frequency stability of the grid is
not compromised by this setting.

Frequency-triggered synthetic inertia with a droop controlled recovery

This sensitivity aimed to provide a solution to the unintended frequency recovery
issues observed in the frequency-triggered static synthetic inertia responses. In this
case, the synthetic device was configured to employ a frequency-triggered active
power injection response to the RoCoF event. Following this initial response, the
device monitored system frequency RoCoF to determine when the system frequency
started to recover. Once the recovery was detected, the device transitioned to a
droop controlled response to adjust its active power injection. This configuration was
shown to be successful in the simulations by reducing the number of adverse
recovery events observed in the results. It should be noted that the device would still
be required to react to the initial RoCoF event in a suitable timely manner to prevent
higher RoCoF events.

Variation of ramp-rate of supplementary inertia

This analysis highlights that the ability of a synthetic inertia device to prevent high
RoCoF events is highly sensitive to the ramp rate of the device. The results indicated
that a slower ramp-rate for the active power response resulted in a greater number

of cases exceeding the RoCoF limit of 0.5 Hz/s.

Frequency triggered synthetic inertia with load model variations

The composition of the load was found to significantly influence the results for
synthetic inertia devices. The impact of load frequency response is seen to have a

larger impact in cases of low system inertia. Further analysis of the frequency
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response of the load will be required to understand the impact of load response. The

base-case load model used in these studies is a conservative load model.

In summary, synthetic inertia performance is highly sensitive to a number of
parameters in the response characteristic. In particular, device response time and
active power ramp rate are key parameters for the synthetic inertia device. The
results indicate that a response time of approximately 100 ms would be required to
prevent RoCoF events in excess of 0.5 Hz/s in 99% of cases analysed. Similarly, a
rapid ramp rate in the region of 1500 MW/s would be required to prevent high RoCoF

events.

It should be noted that synthetic devices that inject large amounts of active power to
prevent a RoCoF event could cause adverse issues during the frequency recovery
phase. To avoid these unintended consequences, a controlled recovery was
proposed would be required. The analysis demonstrated that a droop controlled
response in the frequency recovery period would offer a suitable resolution to these

issues.

2.5 Synchronous and synthetic inertia combination studies

The purpose of this study was to analyse various combinations of synchronous and
synthetic inertia volumes to determine an indication of a solution that could deploy
both types of devices. This aimed to provide an indication of the possible relationship
between adding synchronous and synthetic inertia to the system. Only under-

frequency events are analysed in this set of studies.

Table 2.5.1 summarises the results for the scenarios investigated in the study. This

summary table presents whether each scenario met the RoCoF criteria of £0.5 Hz/s

and the frequency nadir agreentbex sigafiesotfatthe9 Hz .
criterion is met for 't hecrcoosrsrée sipno nad irnegd sbcoexn a
the criterion was not met for the corresponding scenario. A grey shaded cell

indicates a scenario where the study was not performed.

The results indicate that there are several combinations of synchronous and

synthetic that would meet the criteria. It should be noted that the results are highly
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sensitive to the response characteristic of the synthetic devices. The results were
found to be highly dependent on the performance of the synthetic devices. It is likely
that there would be careful consideration into the breakdown of synchronous inertia
and synthetic inertia. In practice, the TSOs would need to appropriately design the
frequency response of the devices to the required system needs. Further analysis
would be required to fully understand the possibilities for combining synchronous
and synthetic devices.

Table 2.5.1: Summary table of supplementary synthetic and synchronous inertia scenarios

_ Criteria
Synthetic Synchronous

inertia (MW)  f inertia (MW.s) | | g gpre | <r0.5Hzis | >-0.8Hzis | <+0.8Hz/s
E - R~ E - B

No limit
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3 Phase 2 Study Methodology

This section outlines the approach to the phase 2 studies. The section includes a
discussion on the techno-economic studies, the technical studies and an outline of
the device modelling used for the studies. A process flow chart is displayed in Figure
3.1-3.

3.1 Approach

The Phase 2 analysis involves performing technical and techno-economic analysis.
These studies have several interdependencies and therefore they are carried out in
a sequential fashion with a number of iterations required in order to obtain a suitable
result. As mentioned in the previous section, the objective of the studies is to
determine the volume of synchronous and/or synthetic inertia required in order to
maintain the RoCoF at 0.5 Hz/s whilst also achieving levels of 75% SNSP. The

studies are therefore to be carried out in the following sequence:

1 Techno-economi c Obase caseo6lHg/$s and SNSP sebtCo F s et

75%. Other constraints are considered as part of sensitivity analysis.

9 Technical Studies: Frequency Stability studies are performed on each
dispatch from the techno-economic hourly dispatch. Synchronous and/or
synthetic inertia is added to the case until the RoCoF is reduced from 1 Hz/s
to 0.5 Hz/s for the year to determine the volume requirement for the system.

1 Technical Sensitivities: Sensitivity analysis is conducted by varying the
characteristic responses of the synchronous and/or synthetic inertia devices.

These sensitivities are discussed in more detail in the next section.

A diagram of the proposed study process is shown below:

Economic Technical

Base Case: te(r:mri]rllcaiﬁ rtia for Technical:

75% SNSP € 8 5 H 3 SR Sensitivity Analysis
1 Hz/s RoCoF > Nzls

Figure 3.1-1: Proposed Phase 2 Study process techno-economic.
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3.1.1 Techno-economic
The techno-economic analysis uses a production cost modelling approach. The

techno-economi ¢ model is a mar ket only model , w
technol ogi esé6. The base case studies consid
constraints such as must run units or reserve. The base case studies consider a
model that is unconstrained with the exception of an SNSP limit set to 75% and
RoCoF set to 1Hz/s. The output from the model will therefore be reserve
unconstrained dispatch that obeys the SNSP limit of 75%, while ensuring that

RoCoF is maintained at 1 Hz/s for the loss of the largest infeed /outfeed.

For the purposes of the study, other operational constraints such as minimum
number of conventional units are omitted. This assumption has been made, as the
focus of the study is to determine required system inertia to maintain RoCoF at
0.5 Hz/s and to prevent overlapping non-energy market products masking the
requirement. Requirements for other system constraints are beyond the scope of the

study.

This techno-economic model provides an hourly dispatch that can be used in the
technical studies to determine the inertia volumes required to reduce the RoCoF on

the system to 0.5 Hz/s.

Further details of the generation of the base case scenario from the techno-

economic studies are described in Section 3.2.1.

3.1.2 Technical studies
Technical studies will be performed based on the generation dispatches produced

from the techno-economic analysis. The technical analysis is proposed to be
performed using the Automated Dynamic Studies Tool. This approach allows for a
full year 0s hour | y-ecaehonscpstutlies o be amalgsedtinetbeh n o
technical studies. The process of converting the techno-economic dispatches into

scenarios for the technical analysis is described in section 2.2.4.

The technical studies will be broken into three parts to consider the addition of
synchronous and non-synchronous devices. Generic representations of the

synchronous and synthetic devices are utilised for the study and a description of
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these models are described in section 2.3. The cases considered for the addition of

supplementary inertia are as follows:

1 Synchronous inertia study 7T determines the volume of synchronous inertia

devices required on the system to maintain 0.5 Hz/s RoCoF.

1 Synthetic, inertiastudyi Thi s study | ooks at the
maintain the potential RoCoF to below 0.5 Hz/s being achieved by deploying
synthetic inertia devices. The synthetic responses are varied to determine the
sensitivity of high RoCoF prevention to device response time. The total
volume of synthetic inertia required from RoCoF containment is then

determined.

1 Synchronous and synthetic inertia combination study i in this study the
combination of synchronous and synthetic inertia is used to maintain the
RoCoF at 0.5 Hz/s. An indication of the proportions of synchronous to

synthetic inertia can be estimated through this analysis.

A diagram of the study cases are shown in Figure 3.1-2.

Study1
0.5 Hz/s RoCoF
synchronous nertia

Study 3
0.5 Hz/s RoCoF
synchronous& synthetic inertia

Base Case
1 Hz/s RoCoF
75% SNSP

Study 2
0.5 Hz/s RoCoF
synthetic inertia

I
I
R
I
I
|

Figure 3.1-2: Technical analysis cases to determine volume of synchronous and synthetic
inertia.

A flow diagram of the study approach is shown in Figure 3.1-3.
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Studies

Assumtions:
Load demand,
Wind capacity,

Production costs,
etc

Techno-economic Create
EQEWATS Powerflow

Constraints i Remove
SNSP limit of 75%, unsolved
RoCoF limit of cases

1Hz/s

Run frequency
stability
dynamic

simulations

Is RoCoF <
0.5 Hz/s in
99% of cases

Basecase

LSI/LSO
Contingency Create
List Revised Case

Record
results and
repeat for
next scenario

Has inertia

capacity in
scenario been
reached?

Add
supplementary
inertia

Figure 3.1-3: Approach flow chart
3.2 Generation of base case

The aim of the technical studies is to assess the rate of change of frequency
(RoCoF) levels observed on the system for the loss of a large infeed or out-feed. The
study therefore focuses on the response of the system in the initial 2.5 seconds after
the frequency event. The study will focus on the first 500 ms when the RoCoF tends
to be at its highest. The response of the system after this time period is considered
out of scope for the study. Similarly, transient and voltage stability criteria are not
assessed as part of the study.
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As previously discussed, the philosophy of this study is to investigate a base case
where for a significant proportion of the year, RoCoF is greater than 0.5 Hz/s. In the
technical studies additional supplementary inertia is then added to the power system
to reduce RoCoF within the existing limit. In order to develop cases where the power
system could observe RoCoF events greater than 0.5Hz/s, a number of

assumptions are made in the system model.

The following sub-sections describe the assumptions made to generate the base

case necessary to meet the study philosophy.

3.2.1 Generation dispatch
The hourly generation dispatch is based on production cost modelling methodology.

This modelling approach ensures that the dispatch achieved minimizes production
cost for a given set of inputs and constraints.

The power market modelling tool called Plexos [4] [5] is used to generate the

dispatches for a given period.
The sources of the key modelling inputs for the study year are:

1.1 ndi vidual gener at i ,nichusnpublicélly available ram

the all island project, validated SEM Generator Data Parameters [6].

2. Renewable generation build out for study year published in the EirGrid /SONI
Generation Capacity Statement 14-23 [7].

3. The climatic year, wind and solar profiles based on historical profile data.

4. The hour-by-hour electricity demand based on the median demand forecast
published in the EirGrid /SONI Generation Capacity Statement 14-23 [7].

5. Fuel and carbon prices based on the World Energy Outlook 2012 fuel forecast
for 2020 [8].

The Plexos model selected for this study is based on a market model the
transmission network is not included. A simplified single node market dispatch model
is a suitable approach for development of the techno-economic dispatches. The

technical studies will use a detailed transmission power system network model. In
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todayodos electrical power system environment
due to the constraints placed on the power system. In addition to relaxing the RoCoF
constraint for the study, other operational constraints are also relaxed or removed.
The following assumptions displayed in Table 3.2.1 are selected to assist in

developing a base case environment suitable for the purpose of this study:

Table 3.2.1 Study assumptions for generation dispatch

SNSP Constraint enabled.
All non-synchronous generation, all island
75% demand and interconnection import/export
are monitored to ensure SNSP metric is
obeyed.
RoCoF Dynamic Constraint enabled.
The Loss of Large Single Infeed/Outfeed
1.0 Hz/s contingency is monitored for all study
periods. The constraint ensures enough
inertia is carried to prevent a RoCoF
greater than 1Hz/s

Interconnection

Moyle Import 450 MW Assumes Moyle second pole has been
Export 80 MW reconnected [9].
EWIC Import 500 MW

Export 500 MW

All Island TER 38,480 GWh TER (Total Energy Requirement)
DEELE TER Peak 6993MW

Installed Large The existing wind capacity is increased to
Scale Wind 4732 MW the expected 2020 levels [7]. This allows
Capacity SNSP to be able to increase to the 75%
limit.

0 units No must runs included in study

Second North In service The study assumed that the second
South proposed North-South Tie-line is built.
Frequency Outside Scope of this study

Reserve -
Products
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1 Conventional generators remain at their existing capabilities in the simulations,
including minimum generation levels and reserve provision. Generators may
have the ability to extend their existing capabilities in the future. Section 4.1,
describes techno-economic sensitivity analysis where modified to determine

the impact on generation dispatch due to reduced minimum generation levels.

1 No supplementary inertia devices are included in the techno-economic model

portfolio. Supplementary inertia will be included in the technical studies.

1 This study does not include future conventional generation portfolio capability
as this is beyond the scope of the analysis. This type of analysis is considered

as part of the DS3 System Services workstream.

3.2.2 Technical study - load demand and model

3.2.2.1 Load demand

As mentioned above, load demand is based on expected 2020 levels [7]. In the
technical studies, the geographical spread of load and the PQ profile for each hour of
the year is based on the 2014 actual loading profile. The 2014 profile is scaled pro-
rata to the 2020 generation dispatch levels provided by the techno-economic model.

3.2.2.2 Load model
The load model used in this study is a ZIP model and consists of the following

elements:
1 30% of the load represented as Constant Impedance;
1 30% of the load represented as Constant Current; and
1 40% of the load represented as Constant Power.

This model has been validated against system frequency events and is considered a
prudent representation of the load. This model does not contain a frequency
sensitive component which would help counteract frequency excursions. Sensitivity
analysis described in Section 3.3.2, investigates the influence of frequency

dependant loads.

RoCoF Alternative Phase 2 Study Report Page 37



3.2.3 Technical simulations network model
The technical study simulations are completed using the present all-island electrical

transmission network is augmented to include other assumptions discussed within
this report. Details of these assumptions are in Section 3.2.1. All technical
simulations assume an intact network as the analyses focuses on system frequency
stability.

3.2.4 Techno- economic output transfer to technical simulations
Technical simulations are completed with the Automated Dynamic Studies tool. The

Automated Dynamic Studies tool is an EirGrid developed tool, which automates the
interaction of the techno-economic model with the technical model for each hour of
the year. The Automated Dynamic Studies tool receives inputs from the techno-
economic model output, a previous years load profile and an electrical power
systems network model. The Automated Dynamic Studies t o o | uses Powert
DSA Tools PSAT to create power-flows for each hour of the year. The power-flows
feed into the frequency stability simulations, which are performed in the DSA tools

TSAT package. Figure 3.2-1 displays the Automated Dynamic Studies tool process.

4 Inputs \/AutomatedDynamb[ Output A

Generation Dispatches StudiesTool

(e.g. 8760 hours from a

PlexosPromodannual run) Voltage

Stability
Analysis
results

el L

Spread sheet
of results for
statistical
EREWSS

y Solved
\ e VSAT
Load Data I L 4 PSAT

S -
A

Figure 3.2-1: Automated Dynamic Studies Tool Process

Network Stability
Analysis

results
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3.2.5 Resolved cases

The techno-economic study provides the generator dispatch for every hour of the
year. The dispatches are produced with limited network constraints. Therefore, the
generation dispatch may be solved in the techno-economic tool without
consideration of some technical constraints. This approach is chosen as the focus of
the study to determine required system inertia to maintain RoCoF at or below
0.5 Hz/s and the requirements for other system constraints are beyond the scope of
the study. This approach results in some techno-economic cases not successfully
solving as power-flows in the Automated Dynamic Studies tool. The main factors for

non-convergence include:

1 Voltage issues due to the geographic low number of generators dispatched
and the geographic dispersion of generators.

1 Several of the failed cases were due to wind approaching the limit of installed
capacity. It should be noted that this study does not include all planned
transmission reinforcements which would have resulted in convergence

issues in some cases.

1 Un-resolved simulations are excluded from the analysis. Of the 8760 cases
created 8000 cases were acceptable for analysis in the study.

3.2.6 System protection models
The aim of this analysis is to provide an understanding of the quantity of

supplementary inertia required to resolve the generation base case discussed above
if RoCoF remains at the 0.5 Hz/s limit in the future. Protection relays with RoCoF and
frequency settings would trigger in the case that a system event, such as a trip of the
LSI/LSO, causes frequency excursions above existing standards. These schemes
aim to resolve the imbalance and bring the system back within normal operating

conditions.

Sympathetic disconnection of generation or load following an event could distort the

determination of the supplementary inertia volume requirement and therefore the

RoCoF Alternative Phase 2 Study Report Page 39



protection trip settings are modified to avoid this. The following wind farm protection

settings will be altered:
Removed RoCoF protection relays functionality,
Removed vector shift protection relays functionality,

1
1
1 Increased over-frequency protection settings to 52 Hz, and
1

Decreased under-frequency protection settings to 48 Hz.

3.2.7 Power system static response

3.2.7.1 Interconnector response

In 2012, an undersea fault damaged one of the two Moyle Interconnector cables
resulting in the availability of one pole only. EirGrid and SONI expects the damaged
cable will be repaired and re-commissioned in 2017 [9]. The Moyle Interconnector
could be, during certain periods, the Largest Single Infeed/Outfeed (LSI/LSO) in

2020. The study considers the second pole of the Moyle Interconnector is available.

The static reserve responses provided by interconnectors are disabled in the power
system technical simulations. This assumption is based on the fact that the static
responses could be within the synthetic inertia period and, therefore, could distort the

system volume requirement. The interconnector import/export limits are as follows:
1 Moyle Interconnector 450/80 MW, and
1 East-West Interconnector 500/500 MW.

Moyle Interconnector is limited to an export of 80 MW primarily due to issues with
transmission access rights in Scotland, which may limit its export capacity to 80 MW
from 2017 [7].

3.2.7.2 Turlough Hill response - Pump mode
Static reserve response is available from Turlough Hill units where Plexos

dispatches units in pump mode. Turlough Hill is not expected to provide synthetic

inertia within the required period.
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3.2.7.3 Short Term Active Response (STAR) interruptible load
STAR is a scheme operated by EirGrid where electricity consumers contract with

EirGrid to make their load available for short-term interruptions. These loads are
automatically disconnected following a frequency dip the reaches the pre-defined
threshold.

The availability of STAR load in the study is dynamically calculated for each hour of
the year based on the load at the bulk supply point (BSP). Due to the variance in the
system load over a year, the modelled STAR load varies between 9 MW and 25 MW
at the BSP. STAR load disconnects from the system if the frequency drops below
49.3 Hz with a time delay of 0.35s. STAR load is not expected to provide synthetic

inertia within the required period.

3.2.8 Simulation time
RoCoF is the rate of change of frequency over time. Typically, if the RoCoF limit is

violated it is expected to be either during the initial N-1 generation/load imbalance or
during system frequency recovery. To resolve this imbalance synchronous and/or
synthetic inertia is available to the system and has the ability to react to the
imbalance within a short time frame. Based on this requirement, the simulation

length is limited to 2.5 seconds post event.

3.2.9 Contingencies
This analysis only considers high RoCoF events caused by a sudden imbalance

between generation and load. Only events caused by a sudden loss of the Largest
Single Infeed (LSI) or Largest Single Outfeed (LSO) are considered. A list of possible
contingencies that could result in LSI or LSO events is generated for the analysis.
The following contingencies are analysed:

Largest Single Infeed (LSI)

1 East-West Interconnector (Import),
1 Moyle Interconnector (Import),
1 Aghada 2 generator - AD2,

1 Moneypoint 1 generator - MP1,
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Moneypoint 2 generator - MP2,
Moneypoint 3 generator - MP3,
Whitegate generator - WG1,
Coolkeeragh generator - C30,

Dublin Bay generator - DB1, and

= =2 =4 4 -4 -2

Great Island 4 generator - Gl4.

Largest Single Outfeed (LSO)

1 East-West Interconnector (Export), and
1 Moyle Interconnector (Export).

In each hourly case, the contingency resulting in the worst RoCoF event is selected
for the inertia volume requirement. A frequency event resulting from a voltage-dip-
induced frequency dip (VDIFD) contingency or a system separation contingency are

not considered as part of this study.

3.2.10 Acceptance criteria
Frequency stability criterion is defined to determine the additional inertia requirement.

For the purposes of the study, the focus will be on maintaining rate of change of
frequency (RoCoF) with +0.5 Hz/s (calculated over 500 ms) for an N-1 event.
Simulations are considered as secure if the criterion above is met for the worst-case

contingency.

The base case scenario is executed and the supplementary inertia is added to the
system if the RoCoF requirement is not satisfied. This process continues until the
number of secure cases in the full year dispatch is in the 99" percentile, i.e. less
than 1% of cases do not meet the RoCoF criterion. The level of inertia that achieves

this number of secure cases is deemed as the inertia requirement for the system.

The system RoCoF is calculated based on the average of measurements from five

geographically spread locations. The five measured locations are:

1 Finglas 220 kV,

RoCoF Alternative Phase 2 Study Report Page 42



Knockraha 220 kV,
Moneypoint 380 kV,

Letterkenny 110 kV, and

= = =2 =

Castlereagh 275 kV.
3.2.11 RoCoF calculation methods

RoCoF is calculated using different methods in the techno-economic and technical

studies.

The techno-economic studies deliver static power system economic solutions based
on a mixture of constraints and production costs. RoCoF is calculated using the

equation displayed in Eq. 2.1 [10].

Y& 6O Eq. 2.1

The technical simulations calculate frequency for a series of time steps allowing
RoCoF to be calculated per the proposed Grid Code method. Grid Code rolling
average method calculates RoCoF as the frequency at a particular time less the

frequency 500 ms prior multiplied by two for Hz/s [2].

3.2.12 Locations for inertia devices
Supplementary inertia is added to the system using lumped models dispersed

geographically in four locations across the island. The following buses are selected
to deploy the inertia at four-transmission locations in the North, South, East and

West of Ireland:
1 Magherafelt 275 kV,
1 Knockraha 220 kV,
1 Maynooth 220 kV, and
1 Flagford 220 kV.

These locations are selected solely to ensure that the additional inertia is

geographically spread across the island. The selection of these buses should not be
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interpreted as being the specific locations where the inertia devices will be required.
Detailed locational analysis would be required to ensure that devices are deployed in

the optimum locations and this level of analysis is beyond the scope of this study.

3.3 Modelling of Synchronous and Synthetic Inertia Devices

3.3.1 Supplementary inertia dynamic models
There are a total of eight devices modelled in TSAT, four synchronous inertia and

four synthetic inertia devices. Configuration of each device model is independent.
Each device is discretely modelled as a 100 MVA machine and responds

independently to the frequency seen at its local bus following the event.

3.3.1.1 Synchronous inertia dynamic model
Synchronous inertia is represented as a standard synchronous machine using the

standard PSS/E model. This model is available as a standard model within TSAT

and the parameters of each model are tabulated in Table 3.3.1.

Table 3.3.1: Tabulated summary of synchronous inertia device parameters

Scenario
dependant

1 MW 100 MVA

The synchronous machines will have no other frequency governing capability other
than the inertia response of the unit. The inertia constant parameters for each of the
four synchronous machines are set equally and are increased uniformly to represent

increasing supplementary inertia available on the system.

Figure 3.3-1 displays an example of the typical response from a synchronous inertia
device. The synchronous inertia device responds following the sudden disconnection

of the LSI. The response dampens overtime as the frequency recovers.

! A TSAT standard dynamic model, is a model which is contained within TSATs internal model library
and does not require customisation/modification of the internal control blocks.
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Figure 3.3-1: Example of synchronous inertia response (MW).

3.3.1.2 Synthetic inertia dynamic model

The representation of synt hetserdefineedd amode

configured to provide an active power response with a particular characteristic. The
synthetic inertia model exports a nominal 1 MW of active power in steady state. The
characteristic of the active power response is dependent on the individual analysis
objectives. The slope and limit of active power injection are variables that can be
adjusted in the simulation. The device model has the ability to trigger on various
signals including a frequency or RoCoF threshold. Varying time delays can be
included in the models to account for varying detection times. Variations in these
parameters determine the impact of different synthetic device responses on the
ability to prevent high RoCoF events. The study assumes that synthetic devices are
capable of continuously providing active power response in the study period. None of

the devices consider internal calculation times associated with physical devices.
The key parameters considered for the synthetic response are as follows:

1 Response time: this is the time required for the synthetic device to detect and
react to a frequency event. In advance of it detecting the event, the device will
have zero response. (This is in contrast to a synchronous device which will

inherently respond in a proportional manner to changes in system frequency.)

1 Active power ramp: This is the rate at which the active power will ramp in
response to the frequency changes. Devices connected to the grid via power
electronics typically have a rapid active power ramp; however, this may be

limited by the source behind the power electronics.
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1 Active power amplitude: This is the amount of active power response injected
by a device in response to a frequency event. This parameter will be
important for determining the volume of devices required to resolve the

RoCoF issue.

1 Active power duration: This is the length of time that the device will provide
active power before its store of energy has been depleted. This is also a key
parameter in determining volume of response required. As the study focuses
on time frame of 2.5 seconds post event, it is assumed that synthetic devices
are capable of continuously providing active power response for the duration
of the study.

1 Recovery time: This is the time required for the device to return to its pre-
event set point after the provision of the inertia provision. This parameter is

not considered in this study.

Figure 3.3-2 displays an overview of the simplified synthetic inertia functionality.
These power system models offer an indication of the feasibility of different response
types in supporting the system frequency stability. The input of each synthetic inertia
device is the frequency measured at the device® transmission connection point. The
measured frequency feeds into the selected frequency response function. This
function determines the active power response of the device. The active power
response is delivered at the bus where the frequency is measured.

Only synthetic inertia functionally required for the particular scenario studied is
included within each simulation. Detailed discussion on the particular responses for

each scenario is in the synthetic inertia results section of this report.
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Figure 3.3-2: Simplified functionality overview of the synthetic inertia device model.

Figure 3.3-3 to Figure 3.3-7 displays an illustrative synthetic inertia device modelled
responses, following a sudden disconnection of the LSI. Responses following a
sudden disconnection of the LSO are not displayed. LSO sudden disconnections
would result in the system frequency rising and the device would therefore consume

rather than inject active power.
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Figure 3.3-3: Control Mode A, Stepped response of the supplementary inertia following an
under frequency trigger. At the moment, frequency exceeds the defined trigger the device
responds at a defined ramp rate until the active power limit is encountered. This is similar to
the RoCoF triggered response (Control Mode C) with the exception that synthetic inertia is
triggered following a violation of the RoCoF threshold. A sudden disconnection of the LSO
would result in the device consuming rather than injecting active power, Control Mode B.
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Figure 3.3-4: Control Mode A, Stepped response of the supplementary inertia following a time
delay. The device responds at a fixed ramp rate once the time delay is exceed.
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Figure 3.3-5: Control Mode D, Droop response of the supplementary inertia. The device
delivers a defined droop response where frequency is outside a defined deadband.
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Figure 3.3-6: Control Mode A combined with F, Step and droop response of the supplementary
inertia. The device delivers a stepped injection of active power where the defined frequency

trigger is exceeded followed by a defined droop response during frequency recovery where
frequency is outside a defined deadband.
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Figure 3.3-7: Control Mode A, Stepped response at different ramp rates of the supplementary
inertia.
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3.3.2 Scenarios analysis

3.3.2.1 Scenario
The scenarios considered for this study include the following:

1 Synchronous inertia devices with increasing inertia constants to determine

inertia volume.

1 Synthetic inertia devices with increasing active power injection to determine
the inertia volume requirement to prevent high RoCoF events. Synthetic
inertia devices are increased in 40 MW intervals. Synthetic device
performance is varied based on the sensitivity of device function and trigger
points. The following performance characteristics and trigger set-points are

analysed for the synthetic device:

o Frequency-triggered synthetic inertia examining various trigger set-points.
o0 RoCoF-triggered synthetic inertia examining various trigger set-points.

o Time-triggered synthetic inertia examining various trigger set-points.

o Varied response ramp-rate for the synthetic device.

o Droop controlled synthetic inertia.

o Frequency triggered synthetic inertia with a droop controlled recovery. This

will allow the device to provide governing action post injection of MW.
o Influence of load model variation.

1 Combination of synchronous inertia and synthetic inertia with varying

proportions.

Detailed descriptions of each scenario are discussed in the relevant Results sections.

3.3.2.2 List of scenarios
The scenarios for the addition of supplementary inertia are listed below. The lists are

categorised as synchronous inertia, synthetic inertia and combined inertia scenarios.
These scenarios are displayed in Table 3.3.2, Table 3.3.3 and Table 3.3.4
respectively. Table 3.3.2, Table 3.3.3 and Table 3.3.4 provide the synthetic inertia

frequency trigger threshold, time delay and active power response rate.
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Table 3.3.2: Summary list of synchronous inertia volumes study scenarios

Supplementary synchronous Event type

inertia volume (MW.s)

2400

4000

5600

8000 Under frequency
12000
16000
20000
5600
8000
12000
16000

Over frequency
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Table 3.3.3: Summary list of synthetic inertia response study scenarios

Suppl_eme_ntary synthetic Event Type Resp(_)nse
inertia volume Setting

80 MW

200 MW

300 MW 49.8 Hz

400 MW Under frequency

No Limit

il by 49.9 Hz

Frequency trigger

No Limit

360 MW
440 MW
300 MW
400 MW

0.2 Hz/s
RoCoF trigger No Limit Under frequency
0.4 Hz/s
- oms

100ms

360 MW

Controlled droop

response (Deadband = No Limit Under frequency
0.05Hz) 0.5%

Step and droop response | 1. S U T

Time trigger -

100ms

300ms
4%

1%

2300 MW/s

1150 MW/s

Variation of ramp-rate Rl Under frequency

575 MW/s

350 MW/s

360 MW

UF Trigger 49.8 Hz,
1%

Influence of load model
variation

440 MW

400 MW

RoCoF Alternative Phase 2 Study Report Page 52



Table 3.3.4: Summary list of synchronous and synthetic inertia combination study scenarios

Synthetic inertia (MW) Synchronous inertia (MW.Ss)

No limit 5600
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4 Results

4.1 Techno-economic dispatch

4.1.1 Plexos discussion
The objective of the techno-economic study is to produce an hourly generation

dispatch over one year where the system is allowed to operate up to 75% SNSP and
have a potential RoCoF of up to 1 Hz/s. The objective function of the techno-
economic study is to minimise production cost for a given generation portfolio and
demand profile at an hourly resolution. A binding constraint will cause the cost

minimisation function to re-dispatch and / or commit / de-commit units.

To evaluate the impact of additional constraints on the techno-economic model,
sensitivities on minimum generation levels and the inclusion of primary/secondary

operation reserve (POR/SOR) were carried out.

Minimum generation refers to the minimum active power output which a conventional
generator can generate continuously [2]. In this sensitivity, the minimum generation

level is reduced for all conventional generators.

Primary/secondary operational reserve (POR/SOR) is the additional increase in
active power within a defined time compared to the pre-incident output [2]. In this

sensitivity, a POR and SOR constraint is included.

The constraints considered in the eight techno-economic scenarios considered are
displayed in Table 4.1.1.

Table 4.1.1: Techno-economic scenario constraints

Techno-

economic Minimum POR/SOR
0 0,
scenario SNSE(%%6) XOCER (S, generation (%) (% of LSI)
35
0.5 75
o 35 75
35
L 75
35 75
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4.1.2 Plexos output
An inertia duration curve for each of the techno-economic scenarios is illustrated in

Figure 4.1-1. The following is observed in this figure:

1 A reduction in a generators minimum dispatch to 35% of full load may permit
an increase in SNSP and a reduction in curtailment, if conditions are
appropriate. In this low constrained electrical power system the techno-
economic studies suggest that reducing convention generators minimum
dispatch to 35% of full load does not affect the results displayed in the base
case inertia duration curve. This is primarily due to wind generation replacing
conventional generation and the techno-economic solution dispatching the
generation on regardless of minimum generation levels rather than de-
committing a unit. This result does not discount the benefits associated with

further reductions in minimum generation levels.

1 Inclusion of primary and secondary operating reserve constraints equates to
approximately one additional large inertia machine (2500 MW.s) on average
over the year. This constraint has the overall impact of reducing the number of

hours in the year where RoCoF could be above 0.5 Hz/s.

1 The majority of the 0.5 Hz/s RoCoF constrained hours are above the existing

operational all-island inertia floor of 20,000 MW.s [11].

As the focus of the study is to determine the required system inertia to maintain
RoCoF at 0.5 Hz/s, the techno-economic scenario selected as the base case for the
technical studies is the 1 Hz/s constrained scenario (Case E). The 0.5 Hz/s RoCoF
constrained scenario results in a similar inertia floor as is observed on the present

system.

Reducingconventi on generator6s minimum stable ou
affect the case and therefore this constraint is excluded. Including the reserve

constraint would be equivalent to adding another large conventional generator to the

dispatch, which would reduce the number of hours of the year where 0.5 Hz/s is

exceeded. The requirements for other system constraints are beyond the study

scope.
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Figure 4.1-1: Duration curves for each of the eight techno-economic studies.

4.2 Base Cases

The techno-economic study provides the generator dispatch for every hour of the
year with constraints of 75% SNSP and RoCoF of 1 Hz/s. As discussed in section
3.2.5, convergence issues in the simulated power-flows resulted in a number of the

hours being discounted.

The number of successfully compiled hourly cases is 8,013. This equates to
approximately 9 % of t he ycasesthatfaildd towcanverge. Many of the un-
resolved cases could have been resolved by re-dispatching generators to reinforce
voltage levels in weaker areas of the grid. It is expected, that re-dispatching
generation to solve the power-flows would not materially alter the findings of the
study and therefore this was not explored further. The objective of the study is to
analyse cases where RoCoF exceeds 0.5 Hz/s and the requirements for other

system constraints are beyond the scope of this study. Furthermore, it was decided
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