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EXECUTIVE SUMMARY

Objectives

This report is the second deliverable of Activity 3 of the TSO 2020 project. The objective of Activity 3 is

to analysethe t ot al value to the society and the maketemviopneott 6 Shisbusi nes
deliverable focusses on the grid -related contributions to both. It assesses the contribution to local grid

stability of the electrolyser considered for t he Eemshaven region in Northern Netherlands.

The approach that is considered for this Task studies the impact of the electrolyser on integration of

locally generated renewable energy (mainly offshore wind) and integration of the COBRA cable HVDC
interconne ctor with Denmark. It is important to evaluate and compare how different technology options

(e.g. Power -to-Gas, battery storage) can play a role to stabilise the power grid and can be operated

effectively. Contribution to local grid stability is defined in the context of this deliverable as: outcomes of
the grid modelling that evaluate the effect on network congestions , on Renewable Energy Sources (RES)
curtailment and on voltage stability in the Dutch network through the operation of an electrolyser or

bat tery. These effects have beena  ssessed through their  corresponding key performance indicators
(KPIs) in the societal cost benefit analysis performed in Task 1 1. Task 1 Report ! also includes the
assessment of other KPlIs related to Grid modelling: Reduction on grid losses, avoided transmission

upgrade and energy not served. The objective of Task 2 is the assessment of the effect in the network of

the electrolyser/battery. Since t his analysis is intimately related to the CBA study and the obtained KPIs
feeds the CBA itself, for the sake of avoiding redundancy those KPIs are not included in Task 2 report.
Additionally, this report also includes a qualitative assessment of the benefi cial impact of the
electrolyser/battery in local voltage stability through reactive support.

Methodology

To assess the effect on the relief of the congestions in the Dutch network due to the installation of an
electrolyser or  battery in Eemshaven , both opt ions with a rated power of 300 MW, the devised
methodology is based on Optimal Power Flow analysis.

The Optimal Power Flow (OPF) optimises a certain objective function in a network whilst fulfilling equality
constraints (the load flow equations) and inequa lity constraints (e.g. generator active and reactive power
limits). One of the objective functions of the OPF is the minimisation of costs function , in which the goal
is to supply the system under optimal operating costs. More specifically, the aim is to m inimise the cost
of power dispatch based on non -linear operating cost functions for each generator and on tariff systems

for each external grid.

In order to perform an Optimal Power Flow (OPF) analysis , itis paramount to develop a network model

of the are a under analysis. Optimal Power Flow analysis is needed since the methodologies used for KPI
assessment are based in this kind of assessment . This network model must comprehensively include and
characteri se all the elements comprising the power system and describe all their electrical parameters.

Finally, all the scenarios developed for the market analysis, namely the conservative, reference,

progressive and progressive+ scenario (see report Task 1 1), have been translated into Grid Scenarios ,
which implies the development of a total of four different network scenarios with three variants each one

of them (base, base+electrolyser and base+battery). Each scenario modifies the number and type of the
generators in order to match the overall values stated in the Market Scenarios (see report of Task 1) .1t
implies that some of the currently installed generators are phased -out, others change their technology

1Cost-BenefitAnaIysis(CBA)Modelling iP2G projectds value to society
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(i.e. coal moving to biomass), new RES installations are included in the network model 2 3 and some
existing RES installations are repowered.

It is important to notice that the Market model used to assess KPIs for the societal cost benefit analysis
performed in Task 1, are obtained at country level . Therefore , the scale of the Grid analysis must be the
same and the network model must cover the whole Netherlands (see Figure 0-1).
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Figure 0-1. Final NL network display (Source: CIRCE)

Key results

The results obtained from the analysis prove that both the electrolyser and the battery have a positive

impact on the congestion reduction in the Dutch network, with the electrolyser outperforming the battery

in most scenarios.  The following trend is observed: The impact of the electrolyser/battery in the

reduction of the congestion decreases as the RES installed cap acity increases, replacing generation with
higher marginal cost. ~ This is true for most scenarios (except for Progressive scenario in the case of the
electrolyser and Progressive and Reference in the case of the battery). The electrolyser contributes to a
higher reduction of the congestion level compared to the battery, except for the conservative scenario.

Electrolyser and battery are also beneficial to better exploit RES sources thus reducing the curtailment of

them. Instead of curtailing surplus energy, i t can be stored (battery) or transformed to other energy
vectors using P2G technologies (electrolyser). Electrolyser outperforms battery in most scenarios
analysed (except for Progressive+ scenario although similar values are obtained) due to fact that
batt er yds energy absorption ability is |Iimited by its state o
2 HRi jksdienst voor Onder ne me nAdailddle:d fettpst/\awwdvo.dl/sups@lied i n-eedelingen/bureau  -energieprojecten/lopende
projecten/windparken.
3ﬁ4C Of fshore, 0 [Online]. Availabl e: https:// www. 4cof fshore. com.
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The contribution of  an electrolyser/battery to voltage support has been assessed additionally. The impact

is also positive  since the electrolyser/battery  is ablet o keep the voltage of nodes in its vicinity inside the
allowed limits  (0.95p -ud 1.05p.u.) by means of the provision of reactive power. The

battery/electrolyser can provide reactive power through the use of a Power Conversion System. Same

reactive power ca pability is considered for both options and limited to a maximum of 210 MVAr. Battery

and electrolyser are modelled identically, as a source able to provide the same rated active and reactive

power.

Recommendations

The results presented in this study are v alid for the considered scenarios, system boundaries and the
constraints of the performed analyses, assuming that the 300
Eemshaven region . Constraints of the analyses are explained throughout the document. The mos t

relevant one is that the network model has been built based on an initial dataset lacking some needed
information and has been completed with other open data sources. Therefore, the accuracy of the final
network model cannot be guaranteed.

The positive impact of the electrolyser and the battery on the contribution to grid stability has been
analysed through the assessment of the reduction in network congestion and local voltage support ,

keeping voltage limits between 0.95 p.u. 4and 1.05p.u 5.This second deliverable of Activity 3 provides a
deeperinsight into the benefits to the system due to the installation of the electrolyser or battery.
Nevertheless, due to lack of dynamic data of the network and its assets no t ransientand dynamic

stability analysis have been performed. Activity 2, on the other hand, focusses on this subject providing
valuable insight on the performance of the electrolyser to keep the grid stable.

It is important to mention that congestion in the network model is closely linke d to the generation mix of
a specific scenario. The nodes selected as the connection point for the different generators is a best

estimate for each scenario. This has an impact in the assessment of the congestion according to the

devised methodology (see s  ection 3.1). In the same vein, the selection of the fuel for a specific

generator has been estimated to match the indications and the generation mixes established by th e
different scenarios. This estimate may also have an impact on congestion assessment. More information
on this specific issue, if available, could lead to more accurate results.

Additionally, performing a replicability and scalability analysis , trying to  define the size limits and optimal
placements of a potential number of electrolysers across the Dutch network , could provide additional
valuable insights. The aforementioned analysis is inside the scope of Activity 5 : "Analysis to scale -up to

mass applicat ion (business plan)" and, hence, the outcomes and methodologies developed in the
framework of Activity 3 could be relevant inputs for Activity 5.

From the grid stability standpoint alone, the fact that the electrolyser is not able to deliver back the

ener gy to the grid is a limitation. It would be interesting for further studies to consider this capability by
adding systems capable of producing electricity from hydrogen (i.e. fuel cells). Of course, the whole
roundtrip system efficiency should be taken int o account, as it could jeopardise the impact of such a
system.

4

p.u.06 stands for fiper unito. I n the power sy s tpemmitsysemnisyhs éxgresdionefbydterof el ectrical eng
quantities as fractions of a defined base unit quantity.

SfiPparameter related to v-&l gagdanssudscuBBMEOf or national i mpl ementation for network
November 2016
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1 INTRODUCTION

The aim of the TSO 2020 project is to facilitate flexibility in the power system in the Eemshaven area to

allow for the integration of variable renewable energy in the Northern Netherlands region (see Figure
1-1) , also further referred to in this report as Groningen  -Drenthe -Friesland region (GDF), and the

landing of the COBRA  cable HVDC interconnector. The project specifically addresses the consequenc es of
(possible) congestion in the local grid. There is a large volume of generation capacity ( from coal and
wind ), together with the landing of submarine interconnection , situated in this area combined with
relatively low demand.

Various technology option s, such as Power -to-Gas (P2G), battery or conventional grid reinforcement, can
be envisaged in order to address these challenges, provide the required flexibility and help the

Renewable Energy Sources (RES) integration. The effect and contribution of the t wo first options in the
local grid stability are assessed in this deliverable.

The different technology options (i.e. Power -to - Gas and battery) deployed in the project have indeed the
potential to relieve congestion stress on the available grid in the re gion, and can be remunerated for
these services by the TSO  (Transmission System Operator), who will be able to postpone/refrain from
further grid expansion. The relief of congestions has a strong impact , allowing lower marginal costs
generators to deliver ~ power , thus provoking a more efficient and cost - effective operation of the grid. The
reactive power provision of the options analysed can also contribute to keep voltage stable in the

occurrence of voltage disturbances.

Activity 3 has goal to analyse the t otal value to the society andthe proj ect 6s business
in the market environment.

DolWin3 e
COBRAcable [Denemarken): »*
NorNed Noorwegen)

Wehrend
Niederrhein Meppeen oo

Ens (Duitsland) (Duitsland)
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4 i —

Figure 1-1.Gridlay -out northeast Netherlands. (source: TenneT TSO B.V.)

/ Beverwij

Activity 3: cost benefit analysis (CBA) modelling of an electrolyser in the Eemshaven region involves the
following tasks:

1 Task 1: Assessing the value of the electrolyser to society;
1 Task 2: Assessing the contribution of the electrolyser to local grid stability;

M Task 3: Assessing the business model and operational scheme of the electrolyser.
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This document is the deliverable of Task 2.

This report is organised as follows chapter 2 explains the methodology used to build the network model
(topology, onshore and offshore wind generators, loads...). Next, chapter 3 details the methodologies for
the calculation of the local stability assessment (Congestion Assessment and Local voltage stability).

Once the methodologies are defined, the local stability assessment will be calculated in the network
model that will be presented in chapter 4. Finally, in chapter 5 the conclusions obtained in this work are
showcased .
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2 GRID MODELLING

2.1 Network model
To assess the effect on the relief of the congestions in the Dutch network due to the installation of an
electrolyser/ battery , the devised methodology is based on Optimal Power Flow analysis.

The Optimal Power Flow (OPF) optimises a certain objective function in a network whilst fulfilling equality
constraints (the load flow equations) and inequality constraints (e.g. generator active and reactive power
limits). One of the objective functions of the OPF is the minimisation of costs function , in which the goal
is to supply the system under optimal operating costs. More specifically, the aim is to minimise the cost

of power dispatch based on non -linear operating cost functions for each generator and on tariff systems

for each external grid.

In order to perform an Optimal Power Flow (OPF) analysis , itis paramount to develop a network model

of the area under analysis. This network model must comprehensively include and characteri se all the
elements comprising the power system and describe all their electrical parameters. A non -exhaustive list
of the elements to be included along with their electrical parameters is the following:

1. Electrical lines and grid topology:
a. Length
Capacity
Reactance
Resistance
Capacitance
Identification of the connection nodes of the line

-0 oo 0o

2. Loads:

a. Active and reactive power

b. Hourly profile for the whole year

c. ldentification of the connection node
3. Generators:

a. Active and reactive rated power

b. Cost curve describing the operating cost for the generator

Hourly power profile during the whole year for renewable energy sources (RES)

5. Interconnection with neighbouring countries

a. Capacity of the interconnectio n between countries

b. Tariff system or exchange profile

c. Net transfer capacity between countries/ areas

The network model that has been developed is based on different sources.

The first one to be used was the dataset provided by TU Delft for the execution of Activity 2 of the
TSO 2020 project ©. This dataset covered some part of the GDOF (Groningen/Drenthe/Overijssel/
Friesland) area in the Netherlands

Grid nodes provided in the TU Delft dataset have been geo-locali sed, thisway the location of nodes has
been identified which is important to later define generation, loads and renewable profiles . Figure 2-1
shows the model of TU Delft and geo -localisation process performed by CIRCE

6 int egration of Power -to-Gas Conversion into Dutch Electrical Ancillary Services Markets, Victor Garcia Suarez, José L. Rueda Torres, Bart W.
Tuinema, Arcadio Perilla Guerra and M.A.M.M van der Meijden, Enerday 2018, 12th Conference on Energy Economics and Tec hnology, April
2018
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Length of several lines  have been corrected according to the obtained coordinates of the nodes (lines
initially wit h 1 km length). Although it does not impact the power flow analysis (providing that absolute

values for resistance, reactance and capacitance are correct) , itis important to have correct length

values when assessing the deferred network upgrades for each scenario and case.

In order to complete the network model, the GDOF area had to be completed (properly representing the
110 kV, 220 kV and 380 kV networks) and a simplified representation for the rest of NL had also to be
included. Consequently , it was nee ded to use complimentary data sources which include the missing
information.

Additionally, the network model has been completed to properly represent the expected progress of the
Netherlands (NL) transmission power system for 2030 considering the followin g information:

1. Ten Year Network Development Plan 2018 (TYNDP2018) 7 and Project of Common Interest (PCI)
projects 8 affecting NL network: upgrading of the lines and corridors and interconnection with
other countries

2. Expected planning for the wind energy depl oyment , identifying the future onshore and offshore
wind projects and potential sites.

7 European Network of Transmission System Operators (ENTSO -E), «TYNDP 2018 - Scenario Report,» 2018.

8Hpr ojects of Common | Avaikbleehitds:/et.eufoarel/énergy/en/topics/infrastructure/projects -common -interest.
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Figure 2-1. Comparlson between the grid provided by TU Delft "as is" (top) and éfter the geo
localisation process per formed by CIRCE (bottom) (Source: TU Delft and CIRCE)

In order to include a simplified representation for the NL network apart from

the GDOF area , the
information provided by TenneT TSO B.V.

on its website has been used 9.

It will also serve for completing the missing lines at 220 kV level in the TU Delft dataset.

9Tennet, AOverzicht component en 3[@nine]vAvalable: dn@ténmeteuet , 0 201 7.
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The information available from TenneT TSO B.V. provides detailed information of the Dutch 220 kV, 380
kV and 450 kV (DC) networks.
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Figure 2-2.Net work information provided by TenneT (source: Tennet TSO B.V.)

The missing 110 kV network belonging to the GDOF area has been built using the information provided

by HoogspanningsNet 10, With this database, all the missing 110 kV lines have been identified, as well as
the corresponding network nodes along with their geographic coordinates. This database has proven to

be very useful, but it lacks a lot of electrical information regarding the lines themselves, being the rated

capacity (MVA) the only electrical parameter provided. Electrical parameters from the dataset provided

by TU Delft have been used as reference to complete the missing information . For each line with missing
parameters , the closest one in terms of rated capacity has been chosen from those present in the TU
Delft dataset. Then, the resistance, reactance and capacitance values per unit length of the incomplete
line are matched to those of that selected line.

As it has been aforementioned, to reflect the expected progress of ~ the NL transmission system by 2030
with the highest fidelity possible , the network model has been complemented using TYNDP18
recommendations 11

TYNDP 2018 is the most comprehensive and up -to-date planning reference for the Pan -European electric
transmission network. It presents and assesses all relevant Pan - European projects at a specific time
horizon as defined by a set of scenarios.

Table 2-1 shows cases of the projects that have been taken into account to finally model the Dutch
network. Some of the TYNDP18 projects affecting the area have not been included since there is no

0% Hoo gspanni ngs Ne Available[ h@ps://www.Bopgspanningsnet.com/.

1 https://tyndp.entsoe.eu/tyndp2018/projects/projects
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information to properly model them. NorNed, C OBRAcable and project 348 from TNYDP18 were initially
included in the TU Delft dataset.

Table 2-1.TYNDP18 projects included in the network model (source: TYNDP18 12

103.1490 2022 380 kV AC Upgrade of existing 380 kV
circuits between Ens and Zwolle
from 2*2,5 kA to 2*4 kA circuits
by replacing the conductors with
High Temperature Low Sag
(HTLS) conductors

103.1560 2018 380 kV AC New 380 kV -line from substation
Beverwijk to Bleiswijk with
capacity of 2x1975  MVA; new
380 kV substation Vijfhuizen

103.1488 2020 380 kV AC Upgrade of existing 380 kv
circuits between Diemen, Lelystad
and Ens from 2*2,5 kA to 2*4 kA
circuits by replacing the
conductors with HTLS conductors

103.1540 2023 380 kV AC Upgrade of existing 380 kv
circuits between Eindhoven and
Maasbracht from 2*2,5 kA to
2*4 KA circuits by replacing the
conductors with HTLS conductors

103.1539 2020 380 kV AC Upgrade of existing 380 kV
circuits between Krimpen and
Geertruidenberg from 2*2,5 kA to
2*4 KA circuits by replacing the
conductors with HTLS conductors

113.145 2018 380 kV AC New 380 kV line double circuit
DE-NL interconnection line.

260.1255 2030 450 kv DC Interconnector between GB and
NL with possibly NL and/or GB
windfarms connected.

262.1257 2022 380 kV AC Upgrade of the capacity of the
cross border lines by replacing
the current conductors with high
performance (HTLS) conductors
combined with the installation of

12 https://tyndp.entsoe.eu/tyndp2018/projects/projects

Page 11



2020

addi tional phase shifting
transformers in Zandvliet.

335.1506 2035 450 kv DC One of two HVDC connectors
including substations interfacing
the Power Link Island and the
Dutch power system.

335.1507 2035 450 kv DC One of two HVDC connectors
including substations interfacing
the Power Link Island and the
Dutch power system.

344.1541 2035 380 kV AC Upgrade of existing 380 kV
circuits between Zwolle, Hengelo,
Doetinchem and Dodewaard from
2*2,5 kKA to 2*4 KA circuits by
replacing the conductors with
HTLS conductors

346.1544 2025 380 kV AC New 380 kV substation Tilburg;
New 380 kV double circuit line
2645 MVA between Rilland and
Tilburg

346.1543 2021 380 kV AC New 380 kV substation Rilland;
New 380 kV double circuit line
2645 MVA between Borssele and
Rilland; Upgrade of existing
380 kV line Borssele -
Geertruidenberg to 1975 MVA
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Figure 2-3 shows the final network display using all the datasets.

Figure 2-3. Final NL network display

2.2 Load estimation and allocation

The TU Delft dataset includes the loads connected in the considered portion of the GDOF area.
Nevertheless, it is required to estimate the rest of the NL loads.

data at country level
network.
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Since there is no information apart from

, itis needed to develop a method to estimate and allocate the loads across the NL

For the estimation of traditional demand, the devised methodology is as follows:

From ACi ty

each of the different provinces of NL have been obtained. For every single settlement

coordinates have been found.

From the ENTSO-E database 4, the maximu m demand in NL for a reference year has been obtained. That

P onpdl b eomplete list of all the settlements with their corresponding population for
, its geographical

value has been distributed among the different settlements proportionally to their population. With this

13ﬁCity Popul ation,

MHEENTEO Dat a

¢}

[ Online].

Availabl e:

Por t al Avdilable: @ttps:/iwwve gntsoe.eu/data/data

https:

-portal/.

/'l www. ci typopul ation.

de/ Net her |l ands
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method , a geographic distribution of the load for the whole area of the Netherlands is obta ined. The last
step is to allocate those settlement loads to the closest network node 15,

It is important to mention that the main outcomes obtained using the methodology are the distribution
factors of the total load across the network nodes. Load values w ill be scaled up or down to match the
values provided by the different Scenarios developed in the Market Model.

The following formula summarises this process:

0

‘Q"Q0

Where dfL, is the distribution load factor for a network node N, Ln ref (MW) is the total load in the
network node N obtained after the allocation process of the settlement loads, as previously explained,
and Ler (MW) is the maximum demand for NL in the reference year.

Then, for a specific scenario, the load in a certain network node n (Ln scenarig is the following:
0r Q"Q0 0

Where Lscenario(MW) is the maximum traditional demand for NL according to that scenario.

The hourly profile for the whole reference year has also been obtain ed from the ENTSO -E database 4.
This profile has been normali  sed and applied to every network load to produce an hourly profile for the
whole year , to be used in the simulations of the Network scenarios. Therefore, the hourl y load value for

anode n (Lnup for the traditional demand is as follows:

. 0§
U R U R 5
Where Lrern is the NL hourly demand (MW) for that specific hour h in the reference year. Since there is no
information about more de tailed hourly profiles for different zones in the Netherlands, the same profile is

assumed for every node in the network.

The rest of the components of the demand considered in the Market Model (electrical vehicles, electrical

heat pumps and additional ind ustrial baseload demand for some scenarios) have been distributed
according to the load distribution factors calculated above. The hourly profiles have been obtained

directly from the Market Model simulations (see report Task 1) and normali sed and scaled f or the
different network nodes following a similar approach to the traditional demand one and added to it to get

the final demand profile.

15 The product of this meth  odology is an estimation of how the loads are distributed in the network, of course it is an approximate method and
there is no way to check its accuracy since there is no available data at the required level of detail.
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2.3 Generation estimation and allocation

2.3.1 Current state generation

The selected generators for each scenario have to mat ch the values proposed by the Market Model
scenarios (see report Task 1).

As afirst step , areference current state scenario has been developed in order to find and characteri se
the current generation in NL. This will serve as a cornerstone and enable us to scale up the generation to
the required values dictated by the different scenarios.

The conventional and dispatchable generators have been obtained from the RE Europe dataset 16, This
dataset provides the installed power, the fuel type and the geographic coordinates for every generator.
Using the geographic information, the generators have been located and connected in the model to the

closest network node. From the results of the Market Model analysed in Task 1, generation cost curves

have been obtained f  or the different technologies existing in the network model.

Regarding wind generation, the list of all the current installed wind farms (see Table 2-2) is obtained
from The Windpower website 17, along with their rated power and geographic coordinates . Figure 2-4
shows the wind farms in NL. Following the same approach as in the case of conventional generation, the
windfarms have been connected to the nearest network node in the model.

Table 2-2.Main current onshore windfarms in NL 16

Westereems 213.3 53.46 6.87
Princess Alexia 122.4 2.29 5.39
Windpark

Zuidwester 90 52.69 5.59
Kreekraksluis 77.5 51.43 4.23
Delfzijl -Zuid 77 53.28 6.97
Growind 63 53.44 6.85
Delfzijl Noord 62.7 53.33 6.92
Emmapolder 60 53.45 6.79

85 The-ERE o pe dat as e tAvalable:@tips:/izenedd.org/record/35177#.WyInwlUzaUk.
17 «The Windpower,» [En linea]. Available: https://www.thewindpower.net/.
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Table 2-3. Main current offshore windfarms in NL
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Figure 2-4. NL wind farms location (Source: CIRCE)
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The installed photovoltaic power per municipality in the Netherlands has been obtained through the web
portal Klimaatmonitor 8 and has been distributed among the nodes of the network, selecting the closest
to the geographical location of the municipality.

Figure 2-5.PV installed power per municipality in Netherlands 18

Hourly power profiles for the whole year and the different RES locations (wind and PV) have been
obtained from online database Renewables.ninja 19 The database works by taking weather data from
global reanalysis models and satellite observations. Two data sources are used:

1 NASA MERRA reanalysis 2°
1 CM-SAF's SARAH dataset (Copyrigh  t 2015 EUMETSAT) 21.22

Solar irradiance data is converted into power output using the GSEE model (Global Solar Energy

Estimator) written by Stefan Pfenninger 23, Wind speeds are converted into power output using the VWF

model (Virtual Wind Farm) written by lain Staffell 24,

85Kl i maatmonitor database, 0 [Online]l]. Available: https://klimaatmonitor.databank.n

9 HNI NJA RENE WOBlbeE Svaitable: https://www.renewables.ninja/.

20y, M. Ri enecker, M. J. Suarez, R. Gel ar o, R. THradRetrospgctiva Andlysis fortReseasch ani MERR A : NASAG6s M
Applications, o Journal of Cl i m&B84&201ivol . 24, no. 12, pp. 3624

21R.MUIIer,U.Pfeifroth,C.Tréger -Chatterjee, J. Trentmann and R. Cr emer ¢ 3DebadesofiSolagSutfdtee METEOSAT Tr
Radi ation, 0 Remote Seng8101g2015v ol . 7, p. 8067

22

SARAH dataset.

B3, Pfenninger and -tetmps&tatfebl pfiEangpean PV output using 30 years of validated ho

Energy, vol. 114, pp. 1251 -1265, 2016.

Staffell and S. Pf-éoniegeed R&amnalgy B8iasto Simulate Current gawhdllEppt ure Wind Powd
1224 -1239, 2016.

24
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