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Abstract: Power system inertia is an essential part for grid frequency stability and decreases due
to the replacement of fossil fuel fired power plants with variable renewable energy sources. This
development is not represented sufficiently in unit commitment and economic dispatch models. If
considered at all, only synchronous inertia from fossil fuel driven power plants is modelled. This
results in increased CO, emissions, curtailed renewable energy and high system costs. While wind
turbines are a source for synthetic inertia and an important renewable energy source, their capability
to provide inertia is not incorporated into energy system models. The work at hand closes this
research gap and applies a methodology to depict synthetic inertia provided by wind turbines as
part of the optimisation dispatch model. A unit commitment and economic inertia dispatch model
of the the all-Island Irish power system is created. The potential of wind inertia is analysed and
quantified by assessing CO, emissions, curtailed renewable energy and system costs. Results show
that synthetic inertia provided by wind turbines can save up 30.99% of the CO, emissions, reduce
curtailment by up to 39.90% and reduce system costs by 32.72%.

Keywords: economic dispatch modelling; energy system modelling; power system inertia; renewable
energy; synthetic inertia; wind energy

1. Introduction

To limit global warming, energy systems are decarbonised by replacing fossil fuel
driven power plants with renewable energy sources (RESs). Disconnecting synchronously
connected generators reduces the overall power system inertia [1]. Inertia is an essential
part for power system stability since it limits the speed with which the grid frequency
changes, commonly referred to as the rate of change of frequency (ROCQOF), and provides
time for generators supplying grid frequency control reserves [2]. Frequency converter
connected generation units like wind turbines (WTs) and photovoltaic systems (PVs) as
well as storage units with the same type of interface to the power system do not provide
an inherent inertial response [1]. However, they are able to mimic the behaviour of a
synchronously connected rotating mass known as synthetic inertia (SI) [3,4]. Variable
speed WTs are a source for SI and as such are already in application [3]. To sustain the
controllability of the grid frequency, future power systems will consist of an inherent and a
non-inherent inertia part [1].

Some power systems already experience periods with low system inertia during high
non-synchronous penetration and/or low power demand [1]. The grid operator of the
Hydro-Québec electricity transmission system demanded WTs to support the power system
in the same manner as synchronous generators do in terms of an inertial response [5,6].
The all-Island transmission system operator (TSO) from Ireland defines a grid supporting
frequency sensitive mode for WTs [7] as well as system operational constraints like an
upper limit for non-synchronous penetration, a maximum ROCOF and an operational limit
for inertia [8]. The European Network of Transmission System Operators for Electricity
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(ENTSO-E) addresses the need for actions in future power systems to compensate the
loss of inherent inertia from synchronous generators [9]. However, the requirement for
system inertia can be reduced by introducing energy sources with response times faster
than traditional mechanical response from conventional generators [10].

Energy system modelling is an important method in aiding energy system analysis [11].
Its main purpose is to assist in designing, planning and implementing future energy
systems [12]. Modelling system inertia in energy system models however, is a topic of
minor interest. Table 1 sums up the results of a review of relevant literature in which inertia
has been considered as part of energy system models. All papers used unit commitment
and (economic) dispatch models applying different constraints to account for minimum
system inertia, e.g., ROCOF thresholds or grid frequency nadir thresholds. Actual grid
islands like Great Britain or the ERCOT power system were analysed or the interconnected
Continental European power systems, which as a whole is a synchronous grid island. In
conclusion, the review shows that minimum inertia constraints result in increasing system
costs, carbon dioxide emissions and curtailed variable RES.

Table 1. Overview of the research highlights, the applied methodology and scenarios, as well as the

key results of the reviewed literature.

Author(s)

Research Highlight(s)

Methodology & Scenario

Result(s)

Teng et al. [13]

Collins et al. [14]

Johnson et al. [15]

Mehigan et al. [16]

Introduction of a novel mixed
linear integer programming
formulation considering fre-
quency constraint formula-
tions, quantification of wind
generation uncertainty on in-
ertia and application of a 2030
model of the Great Britain
power system

Enhancement and robustness
check of electricity generation
of the PRIMES-REF scenario
for 2030 EU by quantifying
variable RES curtailment, lev-
els of interconnector conges-
tion and electricity prices.

Filling the knowledge gap of
missing inertia modelling in
unit commitment and dispatch
models

Analysing the effect of two dif-
ferent levels of the maximum
ROCOF threshold (0.5Hz/s
and 1Hz/s) on curtailment
of variable RES, carbon diox-
ide emissions and production
costs in Europe.

Unit commitment and eco-
nomic dispatch formulation
applying a multi-stage sce-
nario tree. Analysis of increas-
ing ROCOF threshold from
0.5Hz/ up to 0.2Hz/s.

Creating unit commitment
and dispatch model using
PLEXOS software, integrating
a ROCOF limit of 0.75Hz/s.

Mixed integer linear pro-
gramming model created by
PLEXOS optimising for least
costs. A system inertia con-
straint is added to the model
for stable grid operations.

Mixed integer linear pro-
gramme of a European
electricity dispatch system
implementing minimum
inertia constraints based on
ROCOF thresholds.

A ROCOF threshold of 0.2
Hz/s would lead to extremely
high operation cost (120% in-
crease) and wind curtailment
(35% increase)

Variable RES congestion in-
crease of 11% in Ireland, over-
all transmission congestion
during 24% of the researched
time.

Increased dispatch costs by
$85 million

Increase of generation costs
of up to 53.1%, variable RES
curtailment increase of 2.15%
and CO, emission increase of
48.9% for researched system.

None of the reviewed papers and unit commitment and economic dispatch models
include SI provision of WTs. Only synchronous inertia is considered. However, it is
concluded that “[...] synthetic inertia from wind turbines is believed to play an important
role in supporting the frequency performance in the future low carbon power system” [13]
as well as that “As grids integrate more renewable energy, relying on the current method
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of delivering inertia will see escalating costs, which demonstrates the value of integrating
new sources of inertia, like synthetic inertia from wind turbines [...]” [15].

The purpose of this work is to close this research gap of unit commitment and economic
dispatch models not considering SI provided by WTs and thereby overestimating system
costs, RES curtailment and CO, emissions. Therefore, a methodology of a unit commitment
and economic inertia dispatch model to represent the all-Island Irish power system is
applied. A parameter, which determines the SI provision by WTs is analysed as well as
two ROCOF thresholds. The potential of wind inertia is quantified by assessing the total
CO, emissions, RES curtailment and resulting system costs. Other problems related to
the increasing penetration of inverter connected units like reactive support, harmonics or
black start capability are not researched as these topics are not primarily related to grid
frequency stability. The future Irish power systems is analysed in this work, because the
present all-Island Irish power system is already characterised by times of a high shares of
frequency inverter connected penetration [17]. Such high penetration times occur due to
the fact of Ireland being a island with HVDV grid connection to Great Britain as well as
a large number of WTs installed. Thus, feed-in from WTs is already curtailed in times of
high frequency converter penetration and low system inertia [17]. The Irish grid operator
already has reduced the needed system inertia to a minimum [8], requires generation
units to provided a fast reacting frequency response [7] and defines an upper limit for
non-synchronous penetration and a maximum ROCOF [8].

The following Section 2 provides an overview of the applied methodology. Section 3
describes scenarios and data of the Irish dispatch model. In Section 4 results are summed
up and Section 5 concludes the work at hand.

2. Methodology

The introduced methods to depict inertia as part of the energy system dispatch, to
provide SI with WTs and incorporated inertia constraints are elaborated in this section. The
methodology is incorporated into an open source modelling tool which is presented too.
Prior, fundamental basics of inertia provision are introduced.

2.1. Synchronous and Synthetic Inertia in Power Systems

In AC-power systems, power generation and power consumption have to be balanced
at all times [2]. The indicator for power balance is the grid frequency, f,i4 [2]. A power im-
balance leads to a deviation of the grid frequency from its nominal value [2]. The speed with
which the grid frequency changes is dominated by power system inertia [1]. Equation (1)
illustrates this relationship where 6/t is the ROCOF, Py, the accumulated power gen-
eration, P,y the accumulated power consumption and Jsys is the overall power system
inertia, i.e., the sum of the moment of inertia of all synchronously connected machines [1].

ﬁ _ Pgen — Ploga

= 8n “load 1
ot 4.2 'fgrid 'Isys M

It is state-of-the-art to describe the inertia of a synchronously connected machine with
the inertia constant, He. The inertia constant represents the proportional expression of
the units stored kinetic energy, E, x;,, with respect to its apparent power rating, Sg, as
depicted in Equation (2) [1,3]. The inertia constant represents the theoretical time, e.g., a
synchronous generator, is able to provide its rated power solely using its stored kinetic
energy [1]. Likewise, the resilience of a power system against power imbalances can be
described with the power system inertia constant [1].

Eq ki
Hy = 5; m )
8

Frequency converter connected generation sources or energy storage units are able
to emulate the behaviour of a synchronous generator in the event of a power imbalance
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known as synthetic inertia (SI) [3,4]. A common strategy to substitute inertia with WTs
is to change the electric power output based on the ROCOF and the frequency [3]. Due
to the modified power output, the rotational speed of the WT changes [18]. That might
cause the WT to operate at non-optimal rotational speed [18]. In the worst case, the WT
disconnects from the system due to over- or underspeed protection while providing SI [19].
Thus, the SI support as well as the non-inertia related power feed-in of the WT is lost [19].
Hence, from the TSO’s point of view, the situation changes for the worse. To counteract
such problems, a novel control methodology to emulate inertia with WTs is introduced by
Gloe et al. [19]. The authors propose to scale the inertia constant with the actual operating
point of the WT, considering the cut-in speed and the rated speed of the WT as supporting
points [19]. Thereby, the risk of disconnecting the WT while providing inertia is diminished.
The variable inertia constant is normalised such that the inertia constant demanded by the
TSO, Hyepy, is provided at rated speed. Hy,,, is determined by the TSO and based on power
system requirements. Equation (3) depicts how the provided SI of a WT is calculated were
Waetyarwt is the actual rotational speed of the WT, w14 wr is the rated speed of the WT
and wgy i wr the cut-in wind speed of the WT.

2 2
Hygr . 0.5- ]WT ’ (wactual,WT - wcutfin,WT)

®)

= 2 2
Heem 0.5 Jwr - (wmted,WT - wcutfin,WT)

Slis not a direct substitution of synchronous inertia since it is not an inherent inertial
response [3]. Hence, in future power systems, the overall system inertia constant comprises
an inherent and and non-inherent term as depicted in Equation (4).

system synchronous inertia ~ system synthetic inertia

Z Hg,sync : Sg,sync Z Hg,synt : Sg,synt
8 8

Hsys = %Sg + %Sg (4)

2.2. Dispatch Model Formulation

The hereafter presented methods are created applying the novel modelling tool Open
Inertia Modelling (OpInMod) [20]. OpInMod is an open source modelling tool extending the
basic functionalites of the open energy modeling framework (oemof) package solph [21,22].
oemof is developed considering a strict open source and non-proprietary philosophy and is
implemented in python [21]. Thus, scientific principles like reproducibility are transparency
fulfilled [23-26]. Additionally, comparing oemof to the proprietary software solutions which
have been applied in the reviewed literature [13-16], its free of charge availability makes it
easy to access [21].

In general, oemof, and therefore OpInMod as well, allows for an easy representation
of energy systems applying a graph structure consisting of buses and components [21].
Components are used to represent power plants, variable RES units or energy storage
units in an energy system model [21]. Buses and components are connected via edges
representing an energy flow [21]. Components hold basic attributes of the represented
energy system component. For example, a representation of a power plant would hold
attributes such as the variable costs, the installed capacity or the power plants efficiency.
OpInMod extends oemof.solph functionality to depict different sources of inertia as well
as creating additional constraints when modelling system inertia. The before example of
a power plant representation would in OpInMod be extended by attributes such as the
type of inertia source (synchronous inertia or SI), the generators inertia constant or costs
associated with the provision of inertia. OpInMod is published under MIT License and
available via Github [27] and zenodo [28]

Figure 1 provides an schematic overview of the modelling process of a unit commit-
ment and economic inertia dispatch model created with OpInMod. The process can be
devided in three sub processes. In the first sub process, named preperation and initialisa-
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| Input files:

1 ® Generators specifications

! @ RES time series

e Load time series

i Individual analysis:

1 @ tables

tion, all packages needed are imported as well as the input files. Next, the energy system
is created, using components and buses. In the modelling sub process the energy system
representation is translated into an optmisation problem, including all sets of constraints,
based on python’s optmisation package pyomo [29]. The optimisation problem is solved by
a freely selectable solver. In Figure 1 the COIN OR (CBC) solver, GNU Linear Programming
Kit (GLPK) solver or gurobi solver are listed as examples. The post processing step of the
solver results is the last in the modelling sub process. In the third and last sub process, the
results are exported and can be further analysed.

Start

Package import

|
:
et Data import
|
1

Preperation and initialisation

" emof solph components representing. |

e WTs !

Build energy eystem K- ----- 1 @ Power plants \
| |

|

| ® Storage units
| e e m m - - 4

Create optimi-
sation problem

External solver, e.g.:

| |
O p—— ' » COIN OR (CBC) : £
olve optimi- P | ® GNU Linear Program- o
sation problem | ming Kit (GLPK) | g
. 1
B L |
Post processing
:
“---- Result export @
| ES
,,,,, w =
|5
<
End

Figure 1. Schematic overview of the full modelling process applying OpInMod. In the preperation
and initialisation part of the process, necessary data is imported and the energy system is created
using oemof.solph’s base components. The base components are extended by attributes and functions
to depict synchronous and SI. In the modelling part of the process the optimisation problem, including
OpInMod’s inertia constraints, is created, solved by an external solver and the results are processed
and prepared for the output. In the last section of the process, results are exported and can be further
analysed as needed.

The optimisation function depicted in Equation (5) and created by OpInMod is set
to minimise the overall system costs subjected to supply power demand for each time

step. The first term describes the flow costs by the variable costs of the generator, c5° and

8
flow
8

the flow variable, x [22]. The second term of the function describes the inertia related

costs. The generators moment of inertia is represented by xé””ti“, the costs of the generator
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providing inertia by cfgf. Traditionally, a synchronously connected rotating mass provides

its full inertia to the power system as long as it is connected. This is reflected by the binary

. source_inertia
variable Xy .

costs flow costs inertia
min chgc . xg Ow(t) 4 x;ource_mertm . ngc . ngnertm(t) (5)
t g

2.3. System Inertia Constraints

The optimisation function is bound to two constraints introduced by OpInMod repre-
senting the need for minimum system synchronous inertia and minimum overall system
inertia. Further constraints inherited from oemof.solph are not presented hereafter but
described in [21,22,30]. The minimum system synchronous inertia constraint is depicted in
Inequation (6), where x"n-sys_sync_inertia jg the minimum system synchronous inertia and
the right side of the equation is the accumulated moment of inertia of all synchronously
connected generators connected to the power system.

xmin_sys_sync_inertia < Zx‘z’ource_inertia . x;ync_inertiu (6)
8
Inequation (7) depicts the minimum overall system inertia constraint formulation. The
minimum overall system inertia is represented by x™i"-sys-inertia_The right part of Inequa-
tion (7) depicts the inertia sum all connected generators providing either synchronous or
synthetic inertia.

min_sys_inertia source_inertia sync_inertia synt_inertia
x™Minsy <) xg - (xg + x5 ) )
8

In this work, inertia is either provided by synchronously connected generators or
emulated in the form of SI by WTs. Synchronous inertia is also provided by synchronously
connected loads [31,32]. However, load inertia is not incorporated in this work, because
research on this topic is still incomplete [31,32] and in future systems more loads will be
connected with the electrical grid via grid frequency converters which will further reduce
their inertia contribution [31].

2.4. Inertia by Synchronous Generators

Synchronously connected generators are hereafter referred to as synchronous gen-
erators. The inertia provision by synchronous generators is bound to two constraints.
OpInMod incorporates a minimum stable operation constraint as depicted in Inequa-

f

tion (8). The output of a synchronous generator, xglow, has to be larger than the product of

. ted o . in_stabl .
the units rated power, x;” “-PO%T and its minimum stable operation value, x;,"m—s O in

per unit. The units connection status is depicted by xg""*-"<""",

xé‘low > x;ourcg_ingrtia ) xmin_stuble_op . xrated_power (8)

The second constraint depicted by Inequation (9) determines the connection status

of the synchronous generator. Since x?’”rce—i”em“ is binary, the Inequation’s right part

is a proportional expression of the generator output and its rated power. Hence, if the

generators output flow is larger then zero, the generator is connected to the power system,

provides its inertia and x3’*"*-"“"""" is set to the numeric value of 1.

flow
source_inertia xg (9)
8 = _rated_power
Xg

X
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2.5. Synthetic Inertia by Wind Turbines

A simplified approach to provide SI with WTs based on the control concept developed
by Gloe et al. [19] is implemented in OpInMod. This approach is visualised in Figure 2.
Since the concept is based on the actual operating point of a WT, normalised characteristics
of the fully open source NREL 5 MW WT are applied [33]. The WT’s input is used to
determine corresponding normalised rotational speed of the WT as depicted in the top
subplot of Figure 2. Thereafter, this value is used to determine the variable inertia constant,
Hygar, with respect to the demanded inertia constant, Hy,,,, as illustrated by the bottom
subplot in Figure 2.

|
Acap_factor [Pu]
+

05 06 0.7 08 09 10 L1 12 13
Rotational Speed [py]
|

Wactual WT [Pu]
2\

. 1.251
E1.001
£0.751

= 0.501
= 0.251
0.001

05 06 0.7 08 09 10 11 12 13
Rotational Speed [py]
I
Hoar / Haem [pul
+

Figure 2. Two step methodology to determine Hyar / Hyep, applying the normalised power vs. nor-
malised rotational speed characteristic of the NREL 5 MW WT [34] and the normalised characteristics
of the variable H controller [19].

3. Scenario and Data of the Irish Energy Dispatch Model

To assess the potential of wind inertia in the all-Island Irish power system, the before
introduced methods are applied to build a unit commitment and economic inertia dispatch
model, implementing minimum inertia constraints and SI provided by WTs. Great Britain
and France are modelled as well to account for cross border flows with the all-Island Irish
system. Since these countries are connected to the Irish system via HVDC interconnectors,
inertia is not modelled and these countries are not presented in further detail. However,
scenario and data sources for France and Great Britain presented hereafter are the same as
for the Irish system.

The scenario applied in this work is based on the 2020 Ten-Year Network Development
Plan (TYNDP) of the European Network of Transmission System Operators for Electricity
(ENTSO-E) [35,36]. The National Trends (NT) scenario reflects the individual commitments
and policies of each single member state to meet CO, emission reduction targets. The



Appl. Sci. 2022,12, 2984

8 of 16

influence of the EU is reduced to a minimum in favor of national sovereignty. The power
sector in particular experiences a high growth in PV and WT generation. Large scale battery
energy storage solutions are limited. Coal fired generation units are replaced by gas-fired
and nuclear solutions.

To a large extend, data is provided by the 2020 TYNDP of the ENTSO-E [35,37,38].
Installed capacities per generation type, commodity and emission costs are depicted in
Table 2. Characteristics of conventional thermal generators like Operation and Maintenance
(O&M) costs, the efficiency and minimum stable operation values are listed in Table 3 [38].
Each generator is assigned with an inertia constant based on literature review [16,39—-44].
Feed-in from WTs and PVs is modelled via fixed power factor generation profiles in hourly
resolution derived from the Pan-European Climate Database [45]. The WT power factor
is also used to determine the variable inertia provided as depicted in Figure 2. Hydro
inflow for run-of-river is available in a daily time resolution and on a weekly base for
hydro reservoir and open loop pump storage [45]. Such inflow profiles are transformed to
hourly profiles.

Table 2. Installed Capacities, commodity and emission costs as well as total energy demands [37].

Type Inst. Cap. [MW]
Wind onshore [MW] 8200
Wind offhore [MW] 5270
Solar PV [MW] 2390
Other RES (e.g., Waste) [MW] 525
Run of river [MW] 238
Natural Gas [MW] 5966
Lignite [MW] 96
Oil [MW] 518
Type Costs [EUR/MWh]
Lignite 3.96
Natural gas 26.316
Light oil 79.92
Heavy oil 61.92
Shale oil 8.28
Biomass 34.89
Other RES (e.g., Waste) 30
CO; price [EUR/1] 75.00
Annual demand [TWh] 55.1

Two modelling parameters are varied per optimisation run to assess the influence
and potential of SI provided by WTs. First, the demanded inertia constant, Hj,,,, which
determines the actual provided SI of WTs [19]. Second, the ROCOF threshold which
determines the minimum synchronous system inertia applied to create the constraint
depicted in Equation (6) and remaining demand for system SI.

In former grid codes, the TSO of Hydro-Québec requested WTs to emulate a syn-
chronous generator with an inertia constant of 3.5s and 5 s respectively [5,6]. These two
values are applied in this work as well. The Irish grid operator already defines a ROCOF
threshold of 1Hz/s [8]. A 2Hz/s threshold is considered as well based on recommen-
dations of the ENTSO-E regarding ROCOF withstand capabilities of power generating
modules [46]. The resulting minimum synchronous system inertia defined in Equation (6)
is calculated by solving Equation (1) for Js;s. Therefore, the loss of the largest infeed of
700 MW is used [16]. The overall minimum system inertia applied to create the constraint
depicted in Equation (7) is based on system security specifications of Irish TSO. The TSO
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defines an operational limit for inertia of 23,000 MWs which can be reformulated as a
operational limit for the moment of inertia of 466,077 kg-m2 [8].

Table 3. Generator characteristics.

Prime Energy  Generator Type O&M  Efficiency Min. Stable CO, Emissions Inertia

[EUR/MWh] [%] Op.[%]  [tco,/MWh]  Constant[s]
Nuclear - 9.00 33.0 50.0 0.0 5
Hard coal - 28.68 40.0 43.0 0.8495 3.125
Lignite - 30.57 40.0 43.0 0.9127 3.5
Natural gas Conventional old 1 16.49 36.0 35.0 0.5700 4.25
Natural gas Conventional old 2 16.49 41.0 35.0 0.5005 4.25
Natural gas CCGT?old 1 16.99 40.0 35.0 0.513 4
Natural gas CCGTold 2 16.99 48.0 35.0 0.4275 4
Natural gas CCGT present 1 16.99 56.0 30.0 0.3664 4
Natural gas CCGT present 2 16.99 58.0 30.0 0.3537 4
Natural gas CCGT new 16.99 58.0 35.0 0.3537 4
Natural gas OCGTP® old 16.99 35.0 30.0 0.586 5.25
Natural gas OCGT new 16.99 42.0 30.0 0.4885 525
Light oil - 22.16 35.0 35.0 0.8022 3.25
Heavy oil - 24.36 37.5 35.0 0.7524 3.25
Shale oil - 30.30 29.0 40.0 1.0822 3.5
Biomass - 10.00 40.0 43.0 0.0 3
Other RES - 10.00 37.5 35.0 0.0 2

2 Combined cycle gas turbine (CCGT); ® Open cycle gas turbine (OCGT).

4. Results

OpInMod provides a large set of results of which system costs, RES penetration,
storage units state of charge or cross border flows can be analysed. Since it is the objective
of the work at hand to assess the potential of SI provided by WTs, results like the SI
provided by WTs itself, RES curtailment, carbon dioxide emissions and system costs will
be focused on.

The NT scenario is once optimised without the provision of SI by WTs, only consid-
ering inertia provision from synchronously connected generators, representing current
state of research and acting as the base scenario in this work. The combination of the two
ROCOF threshold parameters (1 Hz/s and 2 Hz/s) and two Hy,,,, parameters (3.5s and 5s)
result in four additional scenarios optimised. All optimisation problems designed with
respect to the parameter combinations of the future Irish power system are solvable. Hence,
the inertia and power demand constraints are satisfied.

Figures 3 and 4 depict results of a 24 h time series, which is an extract from the whole
modelled year. The time series is selected randomly with no specific purpose other then
illustrating model functionality, i.e., the influence of inertia constraints on the behaviour
and output of dispatchable units. Figure 3 shows results of the base scenario and Figure 4
shows results of the same time period and a ROCOF threshold of 2Hz/s and a demanded
inertia constant of 3.5s.

The top subplot of Figure 3 illustrates the electric power flow of dispatchable and
non-dispatchable units and the bottom subplot the thereof resulting inertia provision.
The x-axis shows the time of the day and the y-axis of the top subplot shows the electric
power flows, imports and exports in MW and the y-axis of the bottom subplot depicts the
provided moment of inertia in kg-m?2. Previous publications depicted the provided inertia
represented by the accumulated stored kinetic energy of the connected synchronously
rotating masses [15,16,39]. However, since this work incorporates SI provided by WTs
and applies the inertia provision methodology introduced by Gloe et al. [19], the stored
kinetic energy in the WT’s rotor is not a valid representation of the actual provided SI.
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Additionally, in future systems inertia should be a tradeable commodity [4]. Therefore, the
actual and emulated moment of inertia in kg-m? is illustrated.

Electric power flow

10,000 - s
Hydro
. Storage inflow
= Solar Pv
2, 5,000 BN Wind Offhsore
5 B Wind Onshore
% Import
A 0 —— Demand
Storage outflow I
BN Export
T T T T T T T
Inertia provision
500,000 A
(2]
g
éo 400,000 -
8
E 300,000 7 Hydro, Synchronous Inertia
:o 200.000 Storage, Synchronous Inertia
= ’ Gas, Synchronous Inertia
QE) 100,000 4 7 Min Sys. Inertia
EO -——== Min Sys. Inertia
0 T T T T T T T
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

Hours 2040-04-10

Figure 3. Illustration of a 24 h time series of the base scenario. The top subplot depicts electric power
flow results and the bottom subplot flow provided inertia

Figure 3 depicts results of the base scenario. In the top subplot the first six hours of the
day are characterised by minor RES feed-in. During these hours, demand is mainly covered
by pump storage units, imports, natural gas fired power plants as well as an increasing
share of onshore wind feed-in. Electric power flow imports and exports at the same time
indicate that the Irish system in this case acts as a transfer system. In other words, electrical
energy is transferred from France to Great Britain (or in opposite direction) using the Irish
transmission capacities. With increasing onshore wind feed-in, a natural gas fired power
plants gets disconnected from the system at a time of 04:00. This results in a downward
step in the accumulated provided synchronous inertia by natural gas fired power plants
area in the bottom subplot. While feed-in from solar PV and onshore WTs increases during
the day and surpasses power demand, feed-in from pump storage units, hydro plants and
gas fired power plants remain constant at minimum stable operation due to the minimum
stable operation constraint described by Inequation (8). Inertia by such units is needed
to satisfy the minimum system inertia constraint described by Inequation (7). Thus, to
balance power generation and consumption, power is exported and energy is stored by
pump storage units. With decreasing feed-in from solar PV, feed-in from storage units
increases. However, since no additional synchronous generator is connected to the power
system, provided inertia remains constant throughout the remaining time period. Since
feed-in from WTs is high throughout the remaining day and power demand is surpassed
by the accumulated feed-in, power exports remain high too.

In conclusion, the before described base scenario demonstrates the influence of the
minimum system inertia constraints (see Inequations (6) and (7)). While feed-in from WTs
and PV is high throughout the second half of the example time series and surpassing power
demand, feed-in from synchronously connected generators such as from gas fired power
plants, hydro plants and pump storage units remain at their minimum stable operation
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points to provide sufficient inertia. This results in exports and electrical energy being stored
in energy storage units.

Electric power flow

10,000 - Gas
Hydro
E - Storage inflow
Solar Pv
2, 5,000 BN Wind Offhsore
5] I Wind Onshore
% Import
~ 01" —— Demand
[ Storage outflow
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Figure 4. Illustration of a 24 h time series of the parameter combination: ROCOF threshold = 2 Hz/s
and demanded inertia constant = 3.5 s. The top subplot depicts electric power flow results and the
bottom subplot flow provided inertia.

Figure 4 depicts results of the exact same time period as depicted in Figure 3, but for
the parameter combination Hy,,,, of 3.5s and a ROCOF threshold of 2 Hz/s. Hence in this
case, WTs provide SI. First 12 h of the time period are almost identical. Minor differences,
compared to Figure 3, are visible in the bottom subplot since Sl is provided by WTs in the
time between 4:00 to 5:00 and 6:00 to 9:00. Moreover, SI provision increases from 11:00
onwards. To satisfy ther overall minimum system inertia constraint (see Inequation (7),
natural gas fired power plants, hydro units and pump storage plants are connected to
the power system and operate at minimum stable operation. At 12:00 wind SI provision
increases significantly. Thus, SI provision from WTs increases. This results in the disconnec-
tion of gas fired power plants in the time between 12:00 to 15:00. The system synchronous
inertia constraint (see Inequation (6)) is met by the pump storage plants and hydro units
provided inertia as well as the provided inertia from gas fired power plants which are
disconnected stepwise while feed-in from WTs increases. From 15:00 onwards, the min-
imum synchronous inertia constraint (see Inequation (6)) can solely be satisfied by the
accumulated synchronous inertia from hydro and pump storage plants. Accompanied by
sufficient SI from WTs, the overall system inertia constraint (see Inequation (7) is satisfied.

Concluding the model outcome depicted in Figure 4, the beneficial influence of the
SI provision by WTs is visible. By the second half of the depicted day, gas fired power
plants are completely disconnected from the system, since feed-in from onshore WTs, pump
storage units, hydro and offshore WTs is high enough to meet power demand. At the same
time, the disconnection of the gas fired power plant is only realisable, due to the fact that
overall system inertia constraint is satisfied by the provided wind SI.

Figure 5 illustrates the provided SI (here represented by the synthetic moment of
inertia in kg~m2) by dispatched WTs for the demanded inertia constant (Hy,,,) of 3.5s
and 5s. The results are illustrated via a histogram plot, where the bars height depicts
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the frequency of occurrence and the x-axis depicts the provided SI. The frequency of
occurrence is equal to the number of hours of the moddeled year. The green bars depict the
synthetic moment of inertia provided by WTs considering the demanded inertia constant
(Hgjem) of 3.5s and the red bars depict the synthetic moment of inertia provided by WTs
considering the demanded inertia constant of 5s. Obviously, for more then 4300 h of the
modelled times series no or very little SI is provided. Thus, for the rest of the modelled time
series (the accumulated number of the remaining bars), SI is provided by WT. A higher
demanded inertia constant results in higher values for the provided synthetic moment of
inertia (compare red bars (Hg,,;, = 55) to green bars (Hg,,,;, = 3.55s)).

Hdgm = 3.5s
Hdem =5s

4000 4

w

ot

o

o
L

Frequency of occurrence
— = [N} [\] W
[aw) (S (=) ot (a=)
S (aw) S S [aw)
(a=) (a=) o (a=) (a=)
L L L L L
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Emulated moment of inertia [kg-m?] x 108

Figure 5. Depiction of the synthetic moment of inertia provided by WTs. The green bars depict the
synthetic moment of inertia provided by WTs considering the demanded inertia constant (Hy,,,)
of 3.5s and the red bars depict the synthetic moment of inertia provided by WTs considering the
demanded inertia constant of 5s.

Table 4 shows the accumulated CO, emissions and curtailment results per parame-
ter combination. The second column, depicting the CO, emissions, indicates that with
increasing ROCOF thresholds and higher demanded inertia constants accumulated CO,
emissions decrease significantly. Equation (10) explains how emission savings in column
three of Table 4 are calculated. The respective scenario (e.g., ROCOF = 1Hz/s, Hy,p, = 3.55)
results are applied in the numerator of Equation (10). The denominator input is always the
result of the base scenario. Increasing the ROCOF threshold up to 2Hz/s and combining
this parameter with an higher Hg,,,, e.g., 55, results in CO, emission savings of 30.99%
with respect to the base scenario. Column four in Table 4 shows accumulated WT and PV
curtailment. Similar to the accumulated CO, emission results, with increasing demand
for WTs to provide SI by higher ROCOF thresholds, the curtailed energy decreases signifi-
cantly. Equation (11) explains how curtailed energy reduction in column five of Table 4 is
calculated. Curtailment reduction up to 39.72% for a demanded inertia constant of 3.5s
and 39.90% for a demanded inertia constant of 39.00% is achievable.

overall_COy_emissionSgeenario
overall_COy_emissionsyase scenario

reduction_CO,_emissions = -100 (10)

overall_curtailed_energyscenario

-1 11
overall_curtailed_energypase scenario 00 (11)

reduction_curtailment =
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Table 4. CO, emissions and curtailment results of the analysed scenarios.

CO; Emissions Reduction? Curtailment Reduction?

Scenario [t [%] [MWh] [%]
Base 4,789,225 0.00 2,613,969 0.00
ROCOF =1Hz/s, Hy,y, = 3.5 4,085,047 14.70 2,341,290 10.43
ROCOF =1Hz/s, Hy,y, =55 4,066,117 15.10 2,341,290 10.43
ROCOF =2Hz/s, Hy,,, =358 3,474,372 27.45 1,575,412 39.73
ROCOF =2Hz/s, Hy,, =55 3,305,005 30.99 1,570,872 39.90

2 with respect to the base scenario.

Table 5 shows results of the overall system costs and cost savings with respect to the
provided SI. With increasing demand for WTs to provide SI, accumulated system costs
decrease significantly, since less feed-in from fossil power plants running at minimum
stable operation (must-run capacities) is needed with the purpose to satisfy minimum
system inertia constraints. Equation (12) illustrates how cost savings in column two of
Table 4 are calculated. Based on the analysed parameter combinations, cost savings up to
32.72% are achievable due to the potential wind inertia provision. The last column of Table 5
depicts the cost savings with respect to the overall provided SI. Increasing the ROCOF
threshold parameter and thereby the potential demand for SI results in significantly higher
cost savings with respect to the provided SI. Increasing the ROCOF threshold from 1 Hz/s
to 2 Hz/s while maintaining the demanded inertia constant at 3.5 s leads to cost savings of
0.09 EURO/kg-m? and 0.17 EURO/kg-m?. Increasing the demanded inertia constant from
3.5s to 5s while keeping the ROCOF threshold constant decreases cost savings with respect
to the provided SI. While increasing the demanded inertia constant increases system cost
saving potential due to SI provision by WTs, the value of the provided SI decreases.

overall_system_costsscenario
overall_system_costSpuse scenario

reduction_system_costs = -100 (12)

Table 5. Overall system costs and cost savings with respect to the provided SI of the analysed

scenarios.

Scenario System Costs Reduction? Cost Savings ? for Provided SI

[EURO] [%] [EURO/kg-m?]
Base 737,265,818 0.00 0.00
ROCOF =1Hz/s, Hy,;; =3.5s 625,765,315 15.12 0.09
ROCOF =1Hz/s, Hy,;, =55 622,733,455 15.53 0.06
ROCOF =2Hz/s, Hyp, =3.5s 525,560,884 28.71 0.17
ROCOF =2Hz/s, Hy,;; =55 496,034,635 32.72 0.14

@ with respect to the base scenario.

5. Conclusions

Increasing installed capacities of grid frequency converter connected generation units
like WTs and PVs decreases synchronous inertia in energy systems. System inertia is an
essential part of grid frequency stability. It limits the instantaneous ROCOF and limits the
grid frequency nadir. The trend of decreasing system inertia is not reflected adequately
in current unit commitment and economic dispatch models. If inertia in such models is
considered at all, only synchronous inertia from fossil power plants is represented. This
leads to increased CO, emissions, RES curtailment and system costs, since power systems
require a minimum system inertia to maintain controllability of the grid frequency. While
WTs are a key technology to decarbonise energy systems and a source for an synthetic
inertial response, SI is not incorporated into energy system models.

This work closes this research gap. The influence and potential of SI provision by
WT on system indicators like CO, emissions, variable RES curtailment and system costs is
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analysed. Therefore, a methodology to depict SI provision in dispatch optimisation prob-
lems is presented. The methodology is incorporated into an open source unit commitment
and economic inertia dispatch modelling tool and applied to the all-Island Irish power
system. Ireland today is already a power system, in which wind feed-in is curtailed due
to low power system inertia and the grid operator has to react by defining an operational
level for power system inertia. The model framework OpInMod creates minimum inertia
constraints which have to be met by synchronous inertia sources and SI provided by WT.
Data and the scenario researched are based on the 2020 TYNDP. Two parameters, the
ROCOF threshold determining the needed minimum synchronous system inertia and the
demanded inertia constant which determines the provided wind inertia are varied for
analysis purpose.

The result analysis shows that the introduction of SI provided by WTs results in the
disconnection of fossil fuel fired power plants. The thereof missing inertia is replaced by
the provided SI by WTs. Thus, less CO; is emitted and costs decrease since WTs are a zero
marginal cost source. Based on the analysed parameter combinations, up to 30.99% of the
CO, emissions can be saved due to the provision of SI by WTs. Curtailment reduction
for the parameter combinations show similar results. Curtailment reduction of 39.9% is
possible for the parameter combination of a 2 Hz/s ROCOF threshold and a demanded
inertia constant of 5s. Cost savings are in the range of 15.12% and 32.72% with respect
to the respective base scenario. System costs saving potential can also be expressed as
total cost savings with respect to the overall provided SI by WTs. Here, cost savings are in
the range of 0.06 EURO/kg-m? and 0.17 EURO/kg-m?. Increasing the demanded inertia
constant and thereby the overall provided inertia reduces the utility for the power system
expressed by reduced cost saving per provided inertia.

In total, the analysis shows that incorporating inertia constraints in energy system
modelling has a significant influence on the results. Further, SI provided by WTs has a very
high potential to reduce CO, emissions, RES curtailment and system costs.
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Abbreviations

The following abbreviations are used in this manuscript:

CCGT Closed cycle gas turbine

ENTSO-E  European Network of Transmission System Operators for Electricity
EU European Union

MILP mixed integer linear programming
NT National Trends

oemof open energy modeling framework
OCGT Open cycle gas turbine

OpInMod  Open Inertia Modelling

O&M Operation and Maintenance

PV photovoltaic system

RES renewable energy source

ROCOF rate of change of frequency
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SI synthetic inertia

TSO transmission system operator
TYNDP Ten-Year Network Development Plan
WT wind turbine
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