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a b s t r a c t

Generation from synchronous machines in European power systems is decreasing as variable renewable
energy penetration increases. Appropriate levels of system rotational inertia to ensure system stability,
previously inherent in synchronous areas across Europe, can no longer be assumed. This work investi-
gated the impact different levels of minimum inertia constraint have in Europe and in each synchronous
area. Two scenarios with divergent decarbonisation ambitions were simulated for the year 2030 using a
unit commitment and economic dispatch model. The key findings show that an increasing inertia
constraint elevates total generation costs, variable renewable energy curtailment and carbon dioxide
emissions across Europe for an ambitious decarbonisation scenario. When inertia constraints were
applied to the contrasting scenario with a low decarbonisation ambition, decreases in carbon dioxide
emissions of up to 49% were observed in some synchronous areas where the constraint was frequently
active. The work also scrutinised the spread of inertia in the large synchronous area of Continental
Europe. It emerged that some countries are likely to experience periods of low inertia even if an inertia
constraint is applied at synchronous area level.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Classification

18.010 Renewable Energy Systems.
18.020 Energy Scenarios.
18.030 Large-scale Wind Integration.
18.040 Energy System Models.
19.060 CO2-emissions.
1. Introduction

The rapid and significant growth of renewable power capacity
across the European Union (EU) over the last decade will continue
even faster as Member States strive to reach 2030 and 2050
renewable energy and greenhouse gas emissions reductions targets
lling Group, MaREI Centre,
e Cork, Old Lee Road, Cork,

r Ltd. This is an open access articl
[1,2]. This is forcing system operators to re-evaluate how power
systems will be operated in the future as large inertia-providing
synchronous machines are supplanted by variable renewable en-
ergy (VRE) sources. Intermittent sources such as wind and solar
provide very limited to no rotational inertia depending on the de-
vice technology.1 Without supplementary supports such as fre-
quency triggered battery energy storage systems (BESS),
insufficient rotational system inertia can lead to extreme frequency
deviations including high rates of change of frequency (ROCOF) in
the event of an imbalance between generation and demand. A high
ROCOF event that exceeds the prescribed tolerances could lead to
involuntary shedding of customer load, interconnectors and gen-
eration. This could ultimately result in a total system blackout.
1 Solar PV has no rotation mass. Modern variable speed wind turbines are not
electromechanically coupled to the power system due to the AC-DC-AC power
conversion process and thus the wind turbine rotor speed is not a function of
system frequency, and thus there is no inherent inertial response to a failing/rising
system frequency.
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Nomenclature

Abbreviations
AC Alternating Current
CE Continental Europe
CO2 Carbon dioxide
DC Direct Current
ENTSO-E European Network of Transmission SystemOperators

of Electricity
ERCOT Electric Reliability Council of Texas
EU European Union
FFR Fast frequency response
GB Great Britain
HVDC High Voltage Direct Current
IEM Integrated energy model
MC Marginal costs
MILP Mixed integer linear programme
NCSO Network Code of System Operation
PV Photovoltaic
RES Renewable Energy Sources
SRMC Short Run Marginal Costs
ROCOF Rate of Change of Frequency
SNSP System Non-synchronous Penetration
TSO Transmission System Operator(s)
UK United Kingdom
NGUK National Grid UK
VRE Variable renewable energy

Notation
Coststart Generator Start up cost
Ek Kinetic energy at rated speed/nominal frequency
f0 Frequency
G Generator output
GenStart Flag indicating if a generator has started
Gmin Minimum stable output of a generator
Gmax Maximum capacity of a generator
H Inertia constant
LimROCOF ROCOF Limit
NSG Non-synchronous generation
NI Net Imports
NE Net Exports
Pmax Largest infeed for a synchronous area
RIsys System rotational inertia
Sm Apparent power
SD System Demand
SNSP System Non-Synchronous Penetration
tstep Time step

Units
GJ Gigajoule
GW Gigawatt
GWs Gigawatt seconds
Hz Hertz
MVA Megavolt-ampere
MW Megawatt
MWs Megawatt seconds
t tonne
TWh Terawatt hour
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Managing system frequency in the face of reducing rotational sys-
tem inertia (i.e. low inertia systems) to avoid such high ROCOF
events is considered one of the largest future challenges for power
system operators [3,4].

Dynamic studies examining the impact of increased VRE on
power system stability examine aspects such as frequency, voltage
and angular stability in the immediate aftermath of a system
disturbance. The output of an hourly dispatch model provided
some of the inputs to the dynamic studies in Ireland (i.e. Republic of
Ireland and Northern Ireland) [5] and Great Britain (GB) [6].
Another investigation utilised historical system data following
disturbance events to tune the parameters of a dynamic model for
the Nordic region [7]. The subsequent model output was compared
to newly recorded disturbance events to evaluate its performance.
Pagnier et al. investigated the locational aspect of inertia and the
impact on fault propagation for Continental Europe [8]. These
studies capture the stability effects of particular ROCOF levels or
VRE penetration levels but they do not capture the economic and
environmental impacts.

The use of a unit commitment and economic dispatch tool
provides a complementary way to assess the broader impact of
potential strategies to mitigate inertia decline as VRE penetration
increases over a longer timeframe. Some studies have considered a
constraint to ensure that at all times a certain percentage of gen-
eration is synchronous generation to address inertia concerns
[9,10]. This type of constraint does not take into account the
number and type of generation units required to be synchronised to
provide inertia and therefore does not necessarily ensure frequency
stability. Daly et al. adopt a more robust approach to determine the
costs and impacts of maintaining minimum inertia levels on the
Irish power system by determining the amount of rotational inertia
required to limit ROCOF to a particular level [11]. By focusing only
on Ireland, this work does not capture the impacts of neighbouring
systems on each other. This may be significant when one considers
the correlation between Ireland and GB’s wind power production
[12]. Similarly, Johnson et al. used a minimum inertia constraint to
determine the impacts of plant closures with various levels of VRE
penetration on the stability of the Electric Reliability Council of
Texas (ERCOT) system [13]. As part of a broader analysis of EU
policy, Collins et al. provided a high-level overview of the impact of
inertia constraints at synchronous area level in Europe for one
decarbonisation scenario and a single ROCOF level of 0.75 Hz/s [14].
Unlike this work, understanding the impacts of maintaining a
minimum inertia level to limit ROCOF to a particular level was not
the sole focus of that work and the depth of analysis reflects this.

This study adds to the literature by providing a detailed com-
parison of two different levels of ROCOF (0.5 Hz/s and 1 Hz/s) for a
pair of contrasting decarbonisation scenarios. By considering
Europe and each synchronous area in Europe, this work captures
the effect neighbouring synchronous areas have on each other
when the minimum inertia constraints are applied. Using a unit
commitment and economic dispatch model, with constraints to
limit ROCOF for prescribed contingency events, the impact on
interchange, curtailment of VRE, carbon dioxide (CO2) emissions
and production costs in each synchronous area and across Europe
are assessed. The scenarios considered, based on the European
Network of Transmission System Operators of Electricity’s (ENTSO-
E) official projections for long-term transmission capacity expan-
sion in Europe, make this work representative of the range of
challenges that will be encountered on the continent. Thework also
explored the distribution of inertia in the large synchronous area of
Continental Europe (CE) revealing that some countries will
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experience periods of no or very low inertia if regional mitigation
strategies are not employed.

This paper is organised in five sections. In section 2, the context
and the progress made to date in addressing the inertia challenge is
reviewed/summarised for Europe. In section 3, the methodology
adopted and assumptions used for carrying out the studies are
described. In section 4, the results are presented and analysed,
followed by conclusions and future work in sections 5 and 6.

2. Context and progress to date

This section provides an overview of how inertia is currently
being estimated/measured by ENTSOE members, the factors that
can influence the level of inertia on a power system, possible so-
lutions to the inertia challenge and the legislative efforts in Europe
to address inertia concerns.

2.1. Inertia and how it is estimated currently

The stored kinetic energy in a synchronous machine’s rotating
mass provides inertia, which resists changes in the speed of the
machine. The inertia constant of a synchronous machineH,
measured in seconds, is given by the following equation:

H¼ Ek;m
Sm

Equation (1)

where Ek;m is the kinetic energy of the machine at rated speed in
MWs (megawatt seconds) and Sm is the generator rated power in
MVA [15]. A power system can be considered to act similar to a
giant synchronous machine where the inertia resists changes in
frequency of the power system. Similar to equation (1) the system
inertia constantHsys, is then the stored kinetic energy in the system
divided by the apparent power in the system;Ssys. The stored kinetic
energy in the system can be approximated as the sum of the stored
kinetic energy provided by each synchronous generator online in
that system [3]. Using equation (1) the inertia constant of the sys-
tem, measured in seconds (s), can be calculated as follows:

Hsys ¼
Ek;sys
Ssys

¼
PN

i¼1Ek;mi

Ssys
¼

PN
i¼1HiSmi

Ssys
Equation (2)

For the purpose of this paper, it is appropriate to represent the
inertia of a power system in megawatt seconds (i.e. the stored ki-
netic energy of the system) rather than seconds as per equation (2).
For the rest of this paper when the term inertia is used it can be
assumed that it refers to the meaning as per equation (3) measured
in megawatt seconds.

Ek;sys ¼HsysSsys ¼
XN

i¼1

HiSmi Equation (3)

The standard approach to estimating the inertia of a power
system in real time has been to aggregate the inertia provided by
each online synchronous machine. A list of some typical values are
shown in Table 4 [16]. This is the approach taken by Transmission
System Operators (TSO) in Ireland, Denmark, Finland, GB, Norway
and Sweden. Some types of electrical load such as synchronous
motors can also provide inertia. Generally, the inertial contribution
from electrical load is ignored as system operators may not have
telemetry on that load and it is normally relatively small [7].

Following a successful trial in 2017 in the United Kingdom (UK),
National Grid UK (NGUK) is moving towards direct inertia mea-
surement. This involves creating a miniscule frequency variation of
0.0005Hz, which is measured at various locations around the grid,
and the results analysed in a cloud-based analytics server [17].
Other TSO may adopt a similar approach in time, as the estimation
method based only on large synchronous generators becomes less
relevant. With increasing levels of distributed generation, particu-
larly behind the meter, or embedded in distribution systems, it is
becoming increasingly difficult to fully assess which generators
besides the large synchronous generators are contributing to sys-
tem inertia [7]. This is likely to become even more challenging as
consumers and prosumers assume a more active role within the
electricity market [18].

2.2. Factors that can affect inertia

Generation mix and interconnection to other synchronous sys-
tems can all affect the inertia available within a synchronous sys-
tem. A high percentage of renewable energy in the balancing mix
does not automatically result in an inertia issue. This is evident in
the Nordic synchronous area where a large amount of renewable
energy is provided by hydro-generation. However, a high per-
centage of VRE can result in reducing inertia, as is the case on the
island of Ireland. Interconnection to other jurisdictions also in-
fluences the inertia level. Imports via high voltage direct current
(HVDC) interconnection can replace generation from synchronous
machines, while exports can sometimes allow headroom for
additional synchronous generation. To account for this an opera-
tional metric is utilised by the TSO in the Ireland synchronous area,
which includes the Republic of Ireland and Northern Ireland,
known as System Non-Synchronous Penetration (SNSP) [19].

SNSP¼NSGþ NI
SDþ NE

� 100% Equation (4)

where NSG is non-synchronous generation inMW, NI is net imports
in MW, SD is system demand in MW, and NEis net exports in MW.

Ireland, out of necessity, has been leading the way for Europe in
identifying solutions to integrate higher levels of non-synchronous
generation. This SNSP metric is used to identify the amount of non-
synchronous generation that can be permitted on the system at any
one time while ensuring system stability. Following a successful
trial period, the permitted SNSP in Ireland is currently 65% [20]
making it the “first in the world to reach this level” [21]. There are
plans to increase this by 5% each year to a maximum of 75% by 2020
[22]. Monitoring this metric alone is not sufficient to maintain
stability so a minimum inertia requirement of 23,000 MW at all
times is also in force in Ireland [20].

2.3. Solutions to the inertia challenge

In the ‘System Needs Analysis’ for the future European power
system, ENTSOE highlights a number of areas that need further
research that could mitigate the frequencymanagement challenges
as renewable penetration increases. It includes constraining gen-
eration from VRE to allow generation providing rotational inertia
into the balancingmix, the limitation of cross border flows between
small and large synchronous areas for dynamic reasons and using
synchronous compensators, as well as grid forming converters and
fast frequency response (FFR) amongst other solutions [4].

Provision of FFR from different technology types is discussed in
depth by Karbouj et al. [23]. Fast frequency response and synthetic
inertia are often conflated. While there is no consensus in the
literature on the definition of synthetic inertia, a distinction be-
tween synthetic inertial response and FFR is made by Eriksson et al.
[24] who also presents a strict definition of synthetic inertial
response. Synthetic inertial response means a response that emu-
lates synchronous inertia by responding in proportion to ROCOF
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and FFR is any other type of fast controlled response [24]. Tech-
nologies that have the capability to provide a synthetic inertial
response as per Eriksson et al.‘s definition are being developed but
they have yet to reach maturity. Concerns remain regarding their
ability to respond in the required timeframe after detecting a fre-
quency event [25], although the recently concluded RESERVE
project demonstrates that this is an active area of research [26e28].
This project also serves to highlight that with the growing amount
of distributed generation inertia and control solutions may be
provided at distribution level rather than transmission level, which
has been the traditional approach.

Some TSO are examining and implementing alternative
methods of minimising frequency disturbances. Common methods
under investigation include energy storage, modifying system
equipment and grid codes to tolerate higher ROCOF levels and
incentivising more flexible operation of synchronous machines
using ancillary services [25]. EirGrid, the TSO in Ireland, has
introduced a new range of ancillary services that complement
system rotational inertia to limit ROCOF to facilitate the high level
of SNSP [29]. In GB energy storage has been introduced [30]. In
Denmark, additional system rotational inertia is achieved by uti-
lising synchronous condensers. These provide additional benefits in
terms of reactive support and short circuit currents during faults.
Furthermore, TSO are actively participating in research and trials
through projects such as DINOSAURS [31], MIGRATE [32] and EU-
SysFlex [33] to find workable solutions.

2.4. Forthcoming european legislation on inertia

The legislative package ‘Clean Energy for all Europeans’, also
known as the ‘Winter Package’, provides for consumer and com-
munities to be active participants that can buy from and sell to
electricity markets [34]. It also introduces changes for TSO and how
they interact and co-operate with each other on a range of issues
including inertia. Members of ENTSO-E have prepared for these
changes through amendments to network codes. Article 39 of the
‘Network Code on System Operation’ (NCSO) requires TSO to
participate in a study of their relevant synchronous area(s) to
determine if a minimum inertia level or an alternative should be
prescribed. If a minimum inertia level is required, the relevant TSO
must jointly agree a methodology for defining theminimum inertia
level for that area, and each TSO is then responsible for maintaining
the required proportion of that minimum inertia level within its
area of control [35].

Table 1 below showswhich synchronous areas in Europe require
minimum inertia levels currently as indicated by their represen-
tatives to ENTSOE [36,37]. It should be noted that the assessment of
the Baltic States (i.e. Estonia, Latvia and Lithuania) was based on the
present strong interconnection with the Integrated/Unified Power
System (IPS/UPS) of Russia and Belarus. There are plans by the
European Commission (EC) to remove the energy isolation of the
Baltic States from the Belarus, Russia, Estonia, Latvia and Lithuania
(i.e. BRELL) ring and integrate the Baltic States to the CE synchro-
nous area both in terms of technical standards and market frame-
works [38].
Table 1
Status of Minimum Inertia Level Requirement at present.

Synchronous Area Minimum Inertia Requirement?

Baltic No
CE No
GB No e constraint to reduce largest loss is used
Ireland Yes
Nordic No
3. Methodology

The methodology used in this study implemented minimum
inertia constraints in Europe in order to explore the impact on total
generation costs, VRE curtailment and CO2 emissions. It is
described in this section. This is one proven solution to address
reducing inertia as VRE penetration increases that is readily
implementable. The approach adopted in this study was to utilise a
unit commitment and economic dispatch, set up for contrasting
decarbonisation scenarios for the year 2030. The same method for
estimating total system rotational inertia in real time operation in
most power systems is used. The total system inertia is assumed to
be the sum of rotational inertia available from each online syn-
chronous generator. Static constraints to maintain the system
rotational inertia for a synchronous area above the amounts
required to ensure ROCOF is limited, as defined in Daly et al. [11],
are then applied and the outcomes are then examined:

RIsys � f0 X Pmax

2 X LimROCOF
Equation (5)

where RIsys is the system rotational inertia,f0 is the nominal system
frequency Pmax is the largest infeed and LimROCOF is the ROCOF limit
set for the synchronous area.
3.1. Pan european model

A pan-European electricity dispatch test system with hourly
resolution developed in an Integrated Energy Model (IEM) for
previous works [14,39] in PLEXOS ® Simulation Software [40] has
provided the basis for this study. Each Member State is modelled as
a node with transmission capacity between countries modified to
the ENTSO-E’s Reference Capacities for 2030 [41] similar to some of
the other studies [14,39]. The objective function is set to minimize
the overall generation cost across the EU to meet demand, subject
to operational and technical characteristics, while co-optimising
thermal and renewable generation. The objective function con-
siders operational costs in the form of fuel costs, carbon costs, and
fixed unit start-up costs; the model equations can be found in
Refs. [39]. The optimization problem, in the form of a mixed integer
linear programme (MILP), is solved for each hour of a 24-h rolling
horizon with a 6-h look ahead for the year studied. An overview of
the objective function with the main constraint under focus in this
study is provided in Table 2.
3.2. Base case scenarios

The two base case scenarios considered in this study are
informed by the ENTSO-E Visions for 2030 used to inform the
‘ENTSO-E Ten-Year Network Development Plan’, which represent a
wide range of energy system decarbonisationwith varying levels of
electrification heating and transport sectors, and demand response
[41]. The IEM model inputs of hourly electricity demand, installed
generation capacity mix, and fuel and CO2 pricing in 2030 used to
inform the two base case scenarios, Scenario 1 and 2, are taken
from the ENTSO-E decarbonisation visions an overview of which is
provided in Table 3.

As illustrated in Fig. 1 Vision 1 ‘Slowest Progress’ and Vision 4
‘European Green Revolution’ contrast in terms of decarbonisation
ambition [41]. In Scenario 1, nuclear still features strongly in many
countries while in Scenario 2 nuclear capacity reduces in most
countries with the exception of GB.



Table 2
Overview of main objective function and optimization software.

Main Objective Function
Minimize

PN;T

i;t
Gi:t � SRMCi;t � tstep þ Coststart;i � GenStarti;t

Subject to Gmini � Gi:t � Gmaxi ,
PN

i
Gi:t ¼ SDtwhere Gi:t is the power output, SRMCi;t is the

Short Run Marginal Cost, Coststart;i is the start-up cost of generator i, GenStarti;t is a flag indicating
generator i has started up, Gmini is the minimum generation level, Gmaxi is the maximum capacity of the
generator, SDt is the total system demand at time t.

Constraint under focus PN

i¼1
HiSmi � RIsys for each synchronous area (Eq. (3) and Eq. (5))

Time step 1 h
Horizon 24 h þ 6 h look ahead
Software Version PLEXOS 7.500 R05
Solver Xpress-MPa

CPU Type Intel(R) Core(TM) i5-6300U CPU @ 2.40 GHz

a The academic licence for the Xpress-MP solver was kindly provided by Fair Isacc Corporation (FICO).

Table 3
Comparison of ENTSOE visions.

Scenario 1 2

Basis ENTSOE Vision 1 ENTSOE Vision 4

Electricity Demand (TWh) 3434 3616
Variable Renewable Capacity (GW) 388 614
Fuel Prices (V/GJ):
Natural Gas
Oil
Coal

9.5
17.3
3.0

7.2
13.3
2.2

CO2 Prices (V/Tonne) 17 76
Merit Order Coal before gas Gas before coal
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3.3. Renewable generation profiles

The VRE implemented in the IEM in the context of this work are
wind and solar photovoltaic (PV) generation only. The synthesised
hourly output from each Member States wind and solar PV gener-
ation portfolio derived from the EMHIRES dataset [42] for the year
1989 was chosen. This was found to be the best representative year
for the long run average of European wind and solar profiles [43].
Historic hydro generation profiles with a monthly resolution for the
year 2012 provided by ENTSO-E for each individual member state of
the EU-28, Switzerland and Norway were scaled appropriately for
this study.
Fig. 1. Overview of the characteristics of the relevant two ENTSO-E Visions as inter-
preted from [41].
3.4. Generator characteristics

The main generator characteristics used are detailed in Table 4,
which are based on standard generator characteristics used in
previous studies [14,39]. Each generator type was assigned a
particular value for its stored rotational energy (MWs) [16].

For the purpose of this study, the contribution to inertia from
wind turbines is considered to be zero.

3.5. Model runs

Three modelling run iterations were undertaken for each base
casewith different levels of constraints. Firstly, nominimum inertia
constraints were applied. The purpose of this run, which effectively
ignores the stability issues associated with low inertia systems, was
to identify which synchronous areas would require constraints to
limit ROCOF. In the second and third runs, constraints are applied to
limit ROCOF to 0.5 Hz/s and 1 Hz/s respectively for the loss of the
largest infeed for the relevant synchronous grids in Europe as
identified by the first run. The synchronous grids in Europe
considered were Ireland, GB (England, Scotland and Wales), the
Baltic states (i.e. Estonia, Latvia and Lithuania), the Nordic states
(i.e. Finland, Norway, and Sweden) and the CE grid (i.e. Austrian,
Belgium, Bulgaria, Croatia, Czech Republic, Denmark, France, Ger-
many, Greece, Hungary, Italy, Luxembourg, Netherlands, Poland,
Portugal, Romania, Slovakia, Slovenia, and Spain). For most syn-
chronous areas, the largest infeed is considered to be themaximum
capacity of the largest generator or cross border interconnector. The
exception to this is CE, where the largest loss is based on the
ENTSO-E definition of the ‘Reference Incident’ of 3000 MW repre-
senting the loss of the two largest nuclear power units within the
same power station that can cascade trip for a frequency distur-
bance [44]. The minimum static levels of inertia required to miti-
gate the loss of the largest infeed for the two ROCOF levels,
calculated as per Equation (1), are provided in Table 5.

As can be seen in Table 5 a ROCOF tolerance of 1 Hz/s halves the
required level of system inertia to offset the largest infeed
compared to a ROCOF tolerance of 0.5 Hz/s. The selection of 0.5 Hz/s
and 1 Hz/s was influenced by the situation in the synchronous grid
in Ireland. The current ROCOF level for the Republic of Ireland is
0.5H/z. However, the TSO, EirGrid, had planned for the ROCOF level
to be increased to 1 Hz/s by late 2017 [22], but this is not imple-
mented yet [20].

3.6. Assumptions made in the analysis

This study is not intended to replace dynamic studies, rather this



Table 4
Main generator characteristics.

Fuel Type Capacity (MW) Start Cost (V/Start) Minimum
Stable Factora (%)

Stored Rotational
Energy (MWs)

Biomass-waste fired 300 10,000 30 1220
Biogas fired 150 12,000 40 610
Geothermal 70 3000 40 0
Hydropower, lakes 150 0 10 700
Hydropower, run of river 200 0 10 820
Natural gas CCGT 450 80,000 40 3200
Natural gas OCGT 100 10,000 20 240
Nuclear energy 1200 120,000 50 5800
Oil fired 400 75,000 40 900
Solids fired 300 80,000 30 1600

a Minimum stable factor is the minimum stable generation level defined as a percentage of Max Capacity.

Table 5
Largest Infeed and assigned minimum inertia levels.

Largest Infeed (MW) Assigned minimum inertia
for ROCOF limit of 1 Hz/s (MWs)

Assigned minimum inertia
for ROCOF limit of 0.5 Hz/s (MWs)

CE 3000 75,000 150,000
Nordic 1400 35,000 70,000
GB 2000 50,000 100,000
Baltic 700 17,500 35,000
Ireland 700 17,500 35,000
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work is intended to complement and provide insights into the
impacts of applying inertia constraints over a longer time horizon.
Other issues that will arise from a lack of synchronous machines
and a proliferation of inverter connected generation such as reac-
tive support, short circuit currents, harmonics or blackstart capa-
bility are not considered. A perfect day-ahead market is assumed
across the EU (i.e. no market power or anti-competitive bidding
behaviour, thus power stations bid their short-run marginal cost
(SRMC)) similar to Deane et al. [45]. The results then reflect the
least cost generation dispatch based on marginal cost (MC) rather
than the cost resulting from bidding behaviour. Standard generator
classes with standard characteristics such as maximum capacities,
minimum stable factors, startup costs and the inertia contribution
for each generator type are considered. This eliminates the need to
obtain detailed technical data for each generator within the coun-
tries studied.

In this study, the power systems of Malta and Cyprus were
excluded as the inertia constraints considered in this study would
be overly onerous on such small systems. It was assumed that the
power system of the Baltic States consists only of Latvia, Lithuania
and Estonia for this study. This reflects the ambition to reduce
dependence on the AC interconnectors to the Russian and Belaru-
sian power systems by 2025. Interconnection between countries is
included but no transmission network within a country is consid-
ered to keep simulation times reasonable. Hence, Denmark is
considered to bewholly part of the CE synchronous areawhereas in
reality part of the Danish power system is within the Nordic syn-
chronous area. Inertia from non-generating sources such as syn-
chronous condensers has not been included as the focus was to
ascertain how much inertia would be provided by conventional
generation sources in the year 2030 in the absence of any shift in
portfolios. Inertia provided by electrical load is ignored as it is
normally relatively small.
3.6.1. Limitations
The scope of the study is limited to inertia from conventional

generation sources only and thus the potential to provide synthetic
inertia and fast frequency response is not included. Therefore, the
results reflect a worst-case scenario in terms of inertia provision,
albeit somewhat alleviated by the perfect foresight of the IEM
model in PLEXOS. The results of this study, particularly in relation to
VRE curtailment, are likely to be conservative, as effects caused by
congestion due to bottlenecks in transmission systems within
countries are not captured and the IEM resolution time may also
have an affect. The study considers a static limit only for the min-
imum inertia requirement in each synchronous area. Daly et al.
showed that applying a dynamic inertia requirement for the island
of Ireland reduced costs compared to a static inertia requirement
[11]. Furthermore, the provision of ancillary services that may
reduce minimum inertia requirements has not been considered in
the study.
4. Results & analyses

The scenarios offer divergent decarbonisation ambitions for the
European power system and differ in a number of areas including
levels of electricity demand, VRE generation capacity and fuel pri-
ces. The purpose of the analyses of the results is not to compare
these base case scenarios to each other but rather to compare the
effect of applying various minimum inertia constraints to each base
case. The model is set up to optimise cost rather than VRE
curtailment and CO2 emissions. The CO2 emissions are captured to
some extent within the optimization problem, as the CO2 price is
included in the calculation of total generation costs.
4.1. Simulations without an inertia constraint applied

In Fig. 2, the inertia duration curves for each synchronous area in
Europe for the unconstrained simulations for each base case sce-
nario are presented. The reference lines show the minimum levels
required to minimize ROCOF to 0.5 Hz/s and 1 Hz/s as per Table 5.
The curves for the Nordic, CE and GB synchronous areas appear to
be quite smooth compared to the curves for the Baltic and Ireland/
Northern Ireland systems, but this is simply due to the scaling of the
y-axis.

The model uses perfect foresight and focuses on minimising



Fig. 2. Inertia duration curves for all synchronous grids with no ROCOF limit.
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total generation costs across Europe as a whole. Therefore, the
dispatch will change with the constraints applied. While only
indicative as the optimization of constraints will result in a less
severe outcome, it is clear from Fig. 2 (a)e(e) that the constraint is
likely to have a significant effect on the Baltic states and Ireland
synchronous areas and to a lesser extent on the synchronous area of
GB. It also shows that the constraints will not be binding for the
Nordic region and CE synchronous areas in either scenario. Exam-
ining the hourly contribution of kinetic energy from each genera-
tion type for the CE and Nordic systems for the base case scenarios
provides more insights as shown in Fig. 3 (a) and (b). It is evident
that in the Nordic synchronous area hydro generation alone is
sufficient to meet the minimum inertia requirement for both Sce-
nario 1 and Scenario 2. Due to the sheer size of the synchronous
area and the volume and mix of generators required to meet the
system demand, the CE synchronous area also easily surpasses the
limits set out in Table 5.

Due to these findings, the inertia constraints were applied to the
Baltic states, GB and Ireland synchronous areas for subsequent
model runs. After each simulation, the hourly stored kinetic energy
for the CE and Nordic region was checked to ensure it did not
breach the requirements in Table 5 due to the change in dispatch to
meet the constraints in the other synchronous areas.
4.2. Simulations with inertia constraints to limit ROCOF

The changes in interchange between synchronous areas, total
generation costs, VRE curtailment and CO2 emissions relative to the
base case that result from applying the constraints are presented in
Table 6 and Fig. 4 for Scenario 1 and Table 7 and Fig. 5 for Scenario 2.



Fig. 3. Inertia Contribution by Generation type for the Nordic and CE synchronous areas for (a) Scenario 1 and (b) Scenario 2 with no ROCOF Limit.

Table 6
Change relative to base case for Scenario 1.

ROCOF Constraint Total generation
cost

VRE Curtailment CO2 Emissions

1 Hz/s 0.5 Hz/s 1 Hz/s 0.5 Hz/s 1 Hz/s 0.5 Hz/s

Baltic �0.5% 53.1% 0% 0.1% �0.3% 48.9%
CE 0% �0.5% 0.1% 0.1% 0% �0.7%
GB �0.6% �2.6% 0% 0% �0.4% �1.1%
Ireland 9.7% 43.4% 0.2% 2.15% 4.3% 20.2%
Nordic �0.6% �1.9% 0% 0.02% �1.2% �5.6%
Total 0.04% 0.07% 0.01% 0.05% �0.04% �0.41%

Table 7
Percentage change relative to base case in Scenario 2.

ROCOF Constraint Total Generation
cost

VRE Curtailment CO2 Emissions

1 Hz/s 0.5 Hz/s 1 Hz/s 0.5 Hz/s 1 Hz/s 0.5 Hz/s

Baltic 0.2% 14.7% 0% 0% 0.1% 10.9%
CE �0.1% �1.1% 0% 0.04% �0.2% �1.1%
GB 1.3% 7.4% 0.5% 1.5% 1.6% 8.6%
Ireland 10.8% 37.5% 1.3% 5.9% 11.1% 28%
Nordic 0.0% �8.0% 0.1% 0.2% �0.1% �15.1%
Total 0.3% 0.8% 0.1% 0.4% 0.3% 0.9%
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The results confirm that for the heavily decarbonised Scenario 2,
the total generation costs, VRE curtailment and CO2 emissions in-
crease with increasing inertia constraint for the pan European
Fig. 4. Net interchange between synchronous areas for each ROCOF level in Scenario 1.
power system. For a less ambitious scenario, Scenario 1, the results
follow the trend for rising total generation costs and VRE curtail-
ment, but a decreasing trend in emissions is observed. In this
Fig. 5. Net interchange between synchronous areas for each ROCOF level in Scenario 2.
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scenario, coal is cheaper than gas but a Combined Cycle Gas Turbine
(CCGT) contributes twice as much rotational kinetic energy as a
solid fuel fired generator (Table 4). The generation output from coal
reduces to allow additional gas fired generation units synchronize
for inertia provision to meet the constraint. Gas produces less CO2
emissions than coal and thus a decrease, albeit small, in CO2
emissions for this constraint is noted. This shows that minimum
inertia constraints are a useful tool to have as the transition to
higher penetrations of VREs and power electronic devices acceler-
ates. There will come a point in the transition, however, where the
inertia constraints impinge on progress towards a low carbon
environment. Thus, better synthetic inertia technologies and the
communications systems will support a quicker transition to a low
carbon power system.

Across Scenario 1 and 2, the trends for the CE and Nordic region
are consistent; total generation costs and CO2 emissions reduce
with the increasing inertia constraint. In the synchronous areas
where the constraint is heavily binding, the constraint causes an
increase in generation. Thus, the export required from the CE and
Nordic region reduces and generation in the CE and Nordic region
reduces. The generation reductions affects fossil fuel fired genera-
tion plant and results in reductions in CO2 emissions in these areas.
Curtailment in these areas also increases with the increasing inertia
constraint as less power is exported so there is less headroom for
VRE generation.

For Ireland, additional hydro and gas generation units mainly
provide the additional inertia required to meet the minimum
Fig. 6. Hourly Inertia contribution by generation types for Ireland for (a) Scen
inertia constraint (Fig. 6).
The suggestions of EirGrid [46] and Cuffe et al. [47] hold true for

Ireland in this study as total generation costs, VRE curtailment and
CO2 emissions increase with increasing minimum inertia
constraint in both scenarios. The doubling of minimum inertia
constraint results in the total generation costs increasing from 9.7%
to 43.4% for Scenario 1 and from 10.8% to 37.5% for Scenario 2, while
CO2 emissions increase from 4.3% to 20.2% and from 11.1% to 28.1%
for Scenario 1 and 2 respectively.

Due to the interconnected nature of the power systems within
Europe, constraints in one synchronous area can affect others. In
this work, GB benefits from the heavily binding constraints in
Ireland due to the increased exports. Total generation costs, VRE
curtailment and CO2 emissions increase in GB also but only for
Scenario 2 the more heavily decarbonised scenario (Table 7). Even
though the constraint is binding at times in the GB synchronous
area in Scenario 1, the total generation costs decrease by 2.6% for
the more severe constraint compared to the base case. The
constraint in GB does not bind as often as it does in Ireland, GB’s
neighbour. It results in Ireland generating more electricity to meet
this constraint and becoming a net exporter for the most severe
constraint examined. The exports to GB from Ireland more than
double and GB benefits from this. As shown in Fig. 4, there is a net
increase in imports to GB. In fact, the yearly total generation in GB
reduces thereby reducing the total generation costs and CO2

emissions. This is due to reduced production from gas and solids
fired generation. However, with Brexit and increased HVDC
ario 1 and (b) Scenario 2 ranked by total inertia as a percentage of year.
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interconnection between France and Ireland, this may change,
leaving GB more isolated and at risk. This is particularly relevant to
GB in terms of future generation expansion planning and grid code
modifications.

Earlier the analyses showed the availability of large quantities of
hydro generation gave the Nordic region a weighty advantage in
terms of inertia provision. Similarly, the advantages of generation
mix is also observed when the results of the Baltic states are
compared to Ireland in Figs. 6 and 7. In the Baltic states, as the
constraint increases, additional hydro and gas generation units are
synchronised at times to meet the inertia constraint requirement.
The Baltic synchronous area has over 5 times the amount of hydro
that Ireland has in both scenarios. In Scenario 1, nuclear generation
and hydro provide the majority of the required inertia with the rest
comprised of biomass and gas fired generation when required. In
Scenario 2, nuclear does not form part of the generation mix. This
highlights the pivotal role that generation capacity mix plays on the
effect a minimum inertia constraint has in a power system.

The practical and grid code limits for ROCOF in the various
synchronous areas in Europe vary from 0.25 Hz/s [49] up to 2.5 Hz/s
[50]. This study focused on the levels currently set and proposed in
Ireland. Increasing the minimum inertia requirement to meet a
ROCOF level of 0.5 Hz/s has a considerable effect in Ireland and in
the Baltic synchronous area. For example, in the Baltic synchronous
area, relaxing the constraint from a 0.5 Hz/s limit to a 1 Hz/s limit
would reduce the total generation costs by over 53% for Scenario 1
Fig. 7. Hourly Inertia contribution by generation types for Baltic area for (a) Sc
and 14% for Scenario 2 while CO2 emissions would reduce by 49%
and 11% respectively. The doubling of the inertia constraint had a
significant influence in the areas where the constraint was binding
in both scenarios. This emphasizes the importance of increasing
ROCOF tolerance as much as possible in the path towards achieving
cost effective decarbonisation and integration of VRE. Given that
this study assumed that the Baltic synchronous areawas comprised
of Estonia, Latvia and Lithuania only, it emphasizes the importance
of undertaking long-term inertia studies for this area. This would
help identify if the ROCOF limit currently employed should remain
at the same level when it is de-synchronised from the IPS/UPS of
Russia and Belarus.

Adopting the same approach to determining the inertia
constraint level across each synchronous area in Europe, has
resulted in a situation where the constraint is most heavily binding
in the smaller synchronous areas. Examining the results from a
synchronous area level has revealed that when a constraint is more
heavily binding in one synchronous area than its neighbour, it can
have a positive outcome for its neighbours. In the next subsection,
the results of per-country analyses of the CE synchronous area are
presented.

4.3. Inertia distribution in the CE synchronous area

In the two base case scenarios considered, there is sufficient
inertia within the CE synchronous area as awhole to limit ROCOF to
enario 1 and (b) Scenario 2 ranked by total inertia as a percentage of year.



Table 8
Minimum, maximum and average hourly inertia values in the CE synchronous area.

Base case Scenario Scenario 1 Scenario 2

Country Minimum Maximum Average Minimum Maximum Average

Denmark 0 11920 5951 0 35280 3916
Portugal 0 49710 19264 0 50650 23905
Spain 0 263740 114885 0 313180 136519
Germany 0 403600 213412 0 349710 160535
Belgium 2340 64580 26513 0 63880 42795
Luxembourg 2460 6270 2862 2460 6270 4364
Slovenia 2920 17250 13106 3620 22350 16529
Netherlands 5500 110920 45177 700 109960 47080
Bulgaria 6000 42220 34108 3500 28520 23886
Croatia 7640 16500 12648 4100 20700 10074
Czechia 8840 74160 33276 3040 46560 28825
Romania 10280 50780 32279 0 61900 32912
Hungary 12420 31490 26645 0 51290 19876
Slovakia 18840 36010 30737 6420 36620 26175
Switzerland 21000 55860 41760 17500 54170 37845
Greece 21600 57220 28896 0 59600 36247
Austria 27340 48130 37868 17220 88750 46498
Italy 31100 356700 116988 0 322340 114379
Poland 34880 154390 100894 17480 109850 71383
France 150980 365480 331540 22400 356460 234386
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1 Hz/s and 0.5 Hz/s for the loss of 3000 MW of generation for the
year 2030. Delving into the results on a per-country level (Table 8)
reveals that sufficient inertia at synchronous area level does not
guarantee that sufficient inertia is maintained at a per-country
basis at all times.

Countries such as France, with a large nuclear generation port-
folio that features regularly in the balancingmix, have an automatic
advantage due to the contribution of stored rotational energy per
nuclear generation unit (Table 4). Theminimum hourly inertia level
in France for all of 2030 in Scenario 1 exceeds the minimum inertia
requirement for the entire CE area to limit ROCOF to 0.5 Hz/s. In
Scenario 2, which is the more ambitious scenario in terms of the
volume of VRE penetration, France also has the highest minimum
inertia over the year albeit much lower than in Scenario 1.

As shown in Table 8 the gap between the maximum and mini-
mum in countries such as Spain and Germany is stark. The period
when inertia was at its lowest for CE for the entire year was
examined to understand how vast the differences in inertia could
be between neighbouring countries. Fig. 8 shows the distribution of
inertia level by country for Scenario 1 and 2 for the hour where
inertia across CE is at its lowest. The inertia from France alone in
this period in Scenario 1 is more than sufficient to provide the
inertia required for the CE synchronous area for the most severe
constraint to limit ROCOF to 0.5 Hz/s. Germany, Portugal and Spain
on the other hand provide no inertia. For the period where inertia is
at its lowest across CE in Scenario 2, France is still the largest
contributor of inertia, at approximately 52 GWs and Spain,
Portugal, Italy, Denmark and Germany provide zero inertia.

An obvious area to focus on based on Fig. 8 is the Iberian
Peninsula, which in both scenarios has zero inertia. Although there
are plans to increase interconnection to France, the peninsula is still
poorly interconnected. Bearing in mind that the major blackout
experienced in Europe in 2006 was a result of the system splitting
into smaller unbalanced isolated systems [48], system splits are
credible contingencies. Without the application of a minimum
inertia level on the Iberian Peninsula, such a contingency would
have dire consequences. This scrutiny of the CE area revealed that
even though the requirement at a synchronous area level was met,
localised deficiencies could exist. Examining inertia at a more
localised level in large synchronous areas such as CE is essential as
the penetration of VRE increases. This demonstrates the limitations
of considering a minimum inertia requirement at a synchronous
area level as a proxy for system stability without having first con-
ducted a complementary dynamic study of the area. The require-
ment alone does not consider the physical locations of the inertia
providers within the synchronous area and therefore does not
ensure frequency stability in the event of a contingency such as a
system split.

The inertia providers considered in this piece of work were
limited to large synchronous generators and did not capture the
inertia from other sources similar to the inertia estimationmethods
employed by many TSO. Minimum inertia constraints provide a
useful transition tool as confirmed by this study, however, to gain
the highest benefit in terms of CO2 emissions reductions it is
essential that the TSO utilise advanced methods of calculating or
measuring real time inertia. Real time inertia monitoring would
flag situations where there are inertia deficits. It would also ensure
that the contribution to system inertia from all sources is captured
thereby reducing the situations where synchronous generation is
constrained on for inertia reasons. Furthermore, if the TSO provide
transparent plans for funding future ancillary services it may result
in the emergence of new inertia providers at a more rapid pace. In
addition to inertia [11], explicit payments for ramping [51],
balancing [52], primary frequency response [53], fast frequency
response [54,55] may be necessary as the needs of the system
evolves. EirGrid is the first system operator in Europe to design new
ancillary services related to non-synchronous VG integration [56]
but it is too early yet to determine how effective it will be.
5. Conclusion

The increase in renewable generation, particularly VRE, presents
challenges in power system operation with decreasing levels of
synchronous generation. One of the tools available to TSO is to
ensure that there is a minimum level of inertia on the system at all
times. Using a unit commitment and economic dispatch model for
the year 2030, this work explored the impact of applying minimum
inertia levels to five synchronous areas in Europe for two diverging
decarbonisation scenarios for two ROCOF limits. The analyses found
that the impact of minimum inertia levels were unique to each
synchronous area depending on size, generation capacity mix, and
interchange with neighbouring synchronous areas. This study



Fig. 8. Contribution per country at lowest hourly inertia across CE for (a) Scenario 1 and (b) Scenario 2.
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highlighted the effect of ROCOF limits, the potential consequences
of using a minimum inertia requirement at synchronous area level
without a complementary dynamic stability study and the impor-
tance of TSO adopting real time inertia monitoring. It demonstrated
that minimum inertia levels may be useful in the transition to
higher penetration levels but will ultimately impede emissions
reduction goals if not replaced in a timelymanner. Finally, this work
also shows the social benefits of coordinated balancing and plan-
ning of interconnection across the wider EU in terms of achieving
EU emissions reduction and VRE deployment targets.

6. Future work

The model presented in this work could be extended by the
inclusion of additional technology types such as concentrated solar
power, energy storage and synchronous condensers. An examina-
tion of the technologies and associated costs that may enable a shift
away from the use of minimum inertia levels to maintain ROCOF
below certain values is also recommended. Additionally, the
methodology followed in this study could be used to justify the
retrospective application of more recent grid code requirements on
ROCOF to older generators in Denmark and Spain for example. A
fundamental finding of the work was that minimum inertia re-
quirements should be complemented by dynamic stability studies,
thus such a study of CE ‘soft linked’ to the outputs of this study to
investigate further is a natural next step of this work.
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