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1 List of Acronyms

Abbreviation / Acronym ‘ Description / meaning

CHX Compact Heat Exchanger

DUHS heat sink exchangdbiverse Ultimate Heat Sink)

ESPN Equipment Sous Pression Nucléaire (Nuclear Equipment Under Pressur

HX Heat Exchanger

IAPI Important Activities for the Protection of Interests

NDA Non-Disclosure Agreement

NDESR Necessary Dimensions to meet the Essential S&etuirements

PED Pressure Equipment Directive

PWR Pressurized Water Reactor

RCav Reglesle Conception et de Construction des Materiels Mecaniques des
Nucleaires PWR

SBO Station Black Out

TISC suite Software package for coupling simulation tools

ToR Terms of Refengce

TRL Technology Readiness Level

VVER Water-Water Energy Reactor

sCO24-NPP ©847606
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2 Executive Summary

This deliverable D9.3 Interim Technical Review providesrgiehensive status of project progress against
objectives as of M18 (February 202bnlfway through the project. The overall status is giverierms of
project milestones, deliverables and risk management, followed lgetailed status per task, including
progress toward objectives, exploitable resudishieved to date, and challenges encounter€de project is
largely on track, but with aefv deliverablesind milestoneslelayed bytwo or threemonths due tgpandemie
related laboratory closuresaffectingthe schedule for testing and manufacture of components.
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3 Explanation of the work carried out by the

beneficiaries and

overview of the progress

3.1 Objectives

The project higHevel objectives are shown in the table below and correspond with \wadkages 1 through
7.The work packages are roughly sequential, withe@verlap, andesults of one worlpackage being used

as input for the following workpackage.

Objectives Achievement (Yes/No, Comment)

Objective 1: Validation of sG@nodels in thermal
hydraulic system codes on lab scale

YES Measurements were taken, HeRcycle was
modelled in ATHLET, CATHARE and MODELIC
benchmark test case. Benchmark test case )\
successfullgimulated,and results were compare|
to measurements.

Objective 2: Specification of an upscaled syst
boundary  conditions and simulations  for
implementation of sCO4-NPP loop in a fulicale
NPP (PWR)

NO (In progress, achievemeaskpectedn May2021
¢ see WP2

Objective 3: Preparation of a licensing roadmap of
sCO24-NPP system to ensure compliance w
application regulabn

NO (In progresg see WP}

Objective 4: Design of components for the s&!
NPP loop in the context of licensing requireme
(turbomachinery, heat exchanger, auxiliary systern

NO (In progresg see WP}

Objective 5: Final design of the systarshitecture of
sCO24-NPP integrated in a fuficale NPP

NO (In progresg see WP}

Objective 6: Validation of SCE2NPP loop in a virtug
GNBt SOyl ydzOft SI N Sy da

NGO, first test case modelvas exchanged with CV
and could be successfully cauted to simulatofIn
progress; see WP6)

Objective 7: Prepare technical, regulatory, financ
and organisational roadmaps to bring sGORPP to
Market

NO (In progresg see WPY

sCO24-NPP ©847606
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3.1.1 Milestones

WP# Lead

Due

Due date

PU- Public

Means of Verification

Status

Achievement Commens

date

MS1| Thermohydraulic codes validategWP1 (UDE |M9 |31/05/2020 |Initial experiment insCQ loop|Achieved | 29/05/2020
finalised and results have be(D1.1 &
communicated to partners (D1|D1.2
submitted) submitted
MS2 | Input to specifications for scaledp| WP1, | USTUT|M9 |31/05/2020 |Initial experiment in sCOloop|Achieved
system (test data from sC@2eRqWP2, finalised and esults have bee|D1.2 D2.1{29/05/2020
loop, boundary conditions for SHWP3 communicated to partners (D1.&  D3.1
and specifications from licensing D2.1 and D3.1 submitted) submitted
MS3|Simulation of sCO2-NPP loogWP2 |[USTUT|M18|28/02/2021 |Simulation based on firfOngoing Reschedule(
using scaledip component model specification for componeni to May 2021
ready finalised (D2.2 submitted) Delay due tq
the COVIL
situation
MS4 | Preliminary technical specificatio WP4 |[UDE |M18|28/02/2021 |Firstspecifications for scalap of| Ongoing Reschedule(
of scaledup sCOz2-NPP loof components available. to May 2021
ready (see MS3)
MS5| Technical specification WP4, |EDF M26 |31/10/2021 |Final specifications of thSarted
components and systel WP5 components and syste
architecture of final design ready architecture available (D4.3, D4
D5.2 submitted)
MS6 | Fast running version for integraticWP5 [CVR  |M26|31/10/2021 |Developments of fast runnirfNot
in KONVOI virtual NPP ready model finalised and deliverg started
(D5.6submitted)
MS7 | Validated system in KONVOI virt WP6 |KSG M29 |31/01/2022 |Simulations in KONVOI N Sarted Test  casf
NPP ready finalised and results reporte was started
(D6.2 submitted) ahead of
schedule

sCO24-NPP °847606
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Lead Due Duedate  Means of Verification Status Achievement Commens
date
MS8| Simulation of sCO24-NPP loogWP5 |EDF M30 |28/02/2022 | Simulations with real desigNot
using final design parameters rea parameters  finalised  (D5|started
submitted)
MS9|Independent review agWP3 |JSI M36 |31/08/2022 |All safety and regulatory Not
requirements for licensing specifications for the system haj started
been reviewed (D3.5 submitted
MS1|Roadmaps to TRL9 ready WP7 |EDF M36 |31/08/2022 |All roadmaps are finalised (D7 Not
0 submitted) started

3.1.2 Deliverables

Deliverable name WP | Lead Disseminatio Due delivery date Status  Actual Comments
# beneficiary| n level from Annex | delivery date
D1.1 |Data on behaviour of the sC@#Raloop and the 1 UDE CcO M3 |30/11/2019 |Delivered 29/11/2019
glass model
D1.2 |Report on the validation status @bdes and model 1 USTUTT |PU M9 |31/05/2020 |Delivered 29/05/2020
for simulation of sSCORleRo loop
D2.1 |Report on the definition of initial and boundg?2 EDF PU M6 |29/02/2020 |Delivered 29/02/2020
conditions for the SBO accident
D2.2 |Analysis ofthe performance of the sSCOZNPH2 USTUTT |CO M18 |28/02/2021 |In Reschedulec
system under accident scenarios based on scafe progress to
components data 31/05/2021
D3.1 |Report on identification of the regulatory elements |3 JSlI PU M9 |31/05/2020 |Delivered 29/05/2020
design oftomponents and system
D3.2 |Requirements for reference plant modifications |3 NRI PU M14 |31/10/2020 | Delivered 30/10/2020
installation of sSCO2-NPP

sCO24-NPP °847606 Page9 of 78
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Del# Deliverable name WP | Lead Disseminatio Due delivery date Status  Actual Comments
# beneficiary| n level from Annex | delivery date
D3.3 | Design bases and analyses for systemamdponentq 3 NRI PU M16 |31/12/2020 | Delivered 22/12/2020
D3.4 |Requirements for the preoperational and initial stg 3 NRI PU M20 | 30/04/2021 | Started
up test programmes for the system
D3.5 |Independent review of the sCORNPP systen3 |JSI PU M36 | 31/08/2022 | Not
licensingroadmap for real nuclear power plant started
D4.1 |Testresults of the improved smaltale turbomachin( 4 UDE PU M18 |28/02/2021 |Started Reschedulec
to
31/05/2021
D4.2 |Review turbomachine design for sCORIPP 4 UDE CcO M20 |30/04/2021 | Not Rescheduleq
started to
30/06/2021
D4.3 | Conceptual design of the sSC@2XPP turbomachine|4 UDE PU M36 | 31/08/2022 | Not
started
D4.4 |Preliminary design and models of the sGLNPH4 FIVES CRYPU M18 | 28/02/2021 |Delivered 28/02/2021
heat exchangers
D4.5 |Final conceptual design of the Heat Sink Exchang| 4 USTUTT |PU M36 |31/08/2022 | Not
started
D4.6 |Final conceptual design of the Heat Reco\4 CVR PU M36 |31/08/2022 | Not
Exchanger started
D4.7 |Qualification methodology for Heat Exchanger {4 FIVES CRYPU M34 |30/06/2022 | Not
turbomachinery according to NPP requirements started
D5.1 | Design concept with auxiliary systems 5 EDF PU M26 |31/10/2021 | Started
D5.2 |Preliminary design dCO24-NPP system integrate 5 EDF CcO M26 |31/10/2021 |Started
in a real NPP
D5.3 | Summary of modifications on the reference plant a| 5 EDF PU M30 | 28/02/2022 | Not
integration of the heat recovery system started

sCO24-NPP °847606 PagelOof 78
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Del# Deliverable name WP Lead Disseminatio Due delivery date Status  Actual Comments
# beneficiary n level from Annex | delivery date
D5.4 | Thermodynamicperformance of the heat recove|5 CVR PU M24 |31/08/2021 | Not
system integrated into the plant started
D5.5 |Integration of data from real design parameters il 5 EDF CcoO M30 | 28/02/2022 |Not
the CATHARE thermiaydraulic code and simulatiol started
based on accident scenarios
D5.6 |Fast running version of the segleat removal syster 5 CVR PU M26 |31/10/2021 | Not
for implementation in control logic of PWR simulat started
D6.1 | Specification for interface 6 KSG CcO M19 |31/03/2021 | Started Interface
specification
has started
Test caseis
already
successfully
implemente
d.
D6.2 |sCQ System integrated in PW#&mulator 6 KSG PU M29 |31/01/2022 |Not
started
D6.3 |Representative transients of a European F6 GfS PU M36 | 31/08/2022 | Not
equipped withsCO2system monitored and assesse started
D7.1 |First version of SCO2NPP exploitation plan 7 EDF PU M18 | 28/02/2021 |Delivered| 28/02/2021
D7.2 |sCO2-NPP exploitation plan 7 EDF PU M36 | 31/08/2022 | Not
started
D8.1 | Dissemination and communication plan 8 |ARTTIC |[CO M3 |30/11/2019 |Delivered 29/11/2019
D8.2 | Data management plan 8 EDF (6{0) M4 |31/12/2019 |Delivered 26/12/2019
D8.3 | Project public website 8 |ARTTIC |PU M6 |29/02/2020 |Delivered 29/02/2020

sCO24-NPP °847606 Pagellof 78



sCO24-NPP_D9.3 Interim Technical Review_R1.0 PU- Public

Del# Deliverable name WP | Lead Disseminatio Due delivery date Status  Actual Comments
# beneficiary| n level from Annex | delivery date
D8.4 |Enduser workshop 8 ARTTIC |PU M24 |31/08/2021 | Started Rescheduleq
to M27
D8.5 |sCO2-NPP symposium 8 EDF PU M35 |30/07/2022 |Not
started
D9.1 |Management Plan 9 |ARTTIC [CO M3 |30/11/2019 |Delivered 29/11/2019
D9.2 | Collaborative web space 9 |ARTTIC |[CO M4 |31/12/2019 |Delivered 30/12/2019
D9.3 |Interim technical review 9 EDF PU M18 | 28/02/2021 |Delivered 28/02/2021
3.1.3 Risks

The following risks have been identified ahe status of mitigation planare regulaly monitored.

Risk Description WP  Risk mitigation measures Reporting Mitigation Risk Comments
N° Period measures materialized
applied? 2
1 Problems with the system co(WP1, |ATHLET will be used to prov| 1 Yes No The CATHARE3 librs
CATHARE as a new version of|WP2, |necessary results for the sC( RSRAOFGSR 02
code will be used in the project {WP5 [4-NPP system. If problems ¢ turbomachinery  model i
that code cannot besuccessfull identified early in the projec private and not accessible f
validated and used within the sco code developers and th V260 ¢ KS aL
of the project CATHARE community will turbomachinery model wi
contacted for support. As a lg then be used instead in th
resort, support for the ney CATHARES simulations
version will be subcontracted
2 Elimination of auxiliaries of sCqWP4 |Change the strategy/concept| 1 No No The turbomachinery  wit
HeRo turbomachine is not success accept auxiliaries. Th magnetic bearings is paof the
acceptance of auxiliaries w

sCO24-NPP °847606 Pagel2of 78
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Risk Description

NO

Risk mitigation measures

Period

most likely require batteries 4
initial sour@ of energy.

PU- Public

measures
applied?

Reporting Mitigation Risk

materialized
2

Comments

tests in task 4.1 that we a
about to startin Feb. 2021

stakeholders of the project whig
would be an obstacle forfurther
development and marke
introduction of the system

WP8

dissemination and preparatio
of exploitation of results witl
concrete actions for reachirn

3 Current regulatory requirements a| WP3 |Early involvement of regulato| 1 Yes No On track: WP3 meeting
not sufficiently developed fq bodies and the project advisg (remotely) with  external
consideration in  system ar who are regulatory experts, { advisors has been heldon
componentdesign well as NPP operators (proje 18 March2020 (during

partners and end user grod Consortium meeting 118
members). March 2020).

4 Delays in experimental results due] WP1 |Use best engineering estimat| 1 No No

malfunctioning of heat exchangers until equipment is availablg
Reallocation of project funds
cover potential repir costs.

5 Delays in experimental results duef WP1, | The damaged parts of th 1 Yes, Yes, Seal was damaged due
malfunctioning of existinfWP4 |turbomachine will be replace turbomach|increased |foreign object. The seal w
turbomachinery by spare parts which are ine leakage ornreplaced and tests continued

available for the rotor and th exchanged compressor
bearings. In case of repeat D1.1 notseal
malfunction of the delayed

turbomachine the new desig

can be wused as addition

mitigation measure  whic

would cause a delay in D1.1.

6 Fast running model code not stal WP5, |Early involvement of KSG | 1 Yes No Proof of concept for dat
for running in KONVOI PWR simulg WP6 |specifying the needs for re exchange was dor
environment time modelling and interface successfully ahead offsedule

7 Main results do not reach the maWP7,|Set up a detailed plan fq 1 Yes No On trackbut stillrelevant D8.1

DisseminationPlan issuedvith
concrete actions for reachir
target audiences. Succes
criteria and schedul

sCO24-NPP °847606
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Risk Description Risk mitigation measures Reporting Mitigation Risk Comments
N° Period measures materialized
applied? 2
target audiences. Review monitored regularly in E
regularly. meetings. Participation t
scientific and industr

conferences delayed due
coronavirus.

Unforeseen risks

8 Delays in experimental results wWP1 |Use only partly validated cod( 1 Yes Yes Compressor  measuremen
delay validation -> scaleeup for WP2; Improve in WP5. delayed (see risk No. 5) a
simulations not based on (full high complexity of simulatior]
validated codes. required to reduce complexit

for benchmark test caseUp to
date approach from literatur
is used together  witl
conservative assumptions
far as possible in respecti

codes.
9 Safety bearing failure during te§WP4 |An additional set of safel 1 No No The safety bearing is the ba(
with magnetic bearings bearings is supplied by t up of the magnetic bearing.
vendor. Adlitional set is case of e.g. an overload of t
available. magnetic bearing the safe

bearing prevents damage
the shaft. Otherwisg the
bearings will not be used. D
to the application of sCQat
the bearings the risk of such
touch-down and the wear o
the safety bearing ma
increase.

sCO24-NPP °847606 Pagel4of 78
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Comments

Risk Description

Risk mitigation measures Reporting Mitigation Risk
N° Period measures materialized

10

Delay of manufacturing/assembly
improved turbomachine for task 4.

WP4

Time fa testin the HeRo cyc
can be shortened.

applied?

Yes bu
neverthele
ss delay
are
expected.

?

Yes

Reason: Closure of mechani
workshop at UDErom March
to May 2020 due to
Coronavirus. Manufacturing

parts outside UDE workshop
not possible due tolimited
budget. Further, delivery ¢
parts of external supplierfor
gas bearing test idelayed.

11

Gas bearing tests require mat& as
anticipated. Gas bearing test canf
be supplied by a tank of CO2.

WP4

Gas bearing tests will be carri
out at USTUTT in SCARL
facility

Yes

Yes

If magnetic bearings a
unsuitable (not working in sG
or not allowed due ({c
regulations) hydrostatic ga
bearings will be applied for th
design in task 4.2 as bearings
general have not bee
operated in sCO20peration
has to be tested/validated.

12

More tests in the HeRo cyclare
requiredas anticipated

WP1

Continue testing after end (
May 2020,

Yes

Yes

Additional tess were carried
out in June and July 2020 to
able to usemeasurements fo
validation

13

Reduced testing time for improve
turbomachine (task 4.1)

WP4

Reduce amount of testor
extendtask 4.1 andeschedulg
D4.1to May 2021

Yes

Yes

Commissioning d
turbomachine might b
delayed (risk ID 10).Further,
classes at the glass model
GfS are currently not possik
due to Coronavirusand this
provides more testing time.
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Risk Description Risk mitigation measures Reporting Mitigation Risk Comments

N° Period measures materialized

applied?

?

(e.g. 55°C) of the compressor
warm-up of the compressg
inlet should be considered.

14 |Optimization recommendations f{WP4 | The due datef deliverable 4.1 Yes Yes Since deliverable 4.1 is an inf
turbomachine will be missed could be shifted to the end ( of task 4.2, Severs:
deliverable 4.2 due to delays in t3 June 2021, to guarantee the recommendations regardin
4.1 expected completeness of tf the turbomachine fron

report. deliverable 4.1 must be
considered in task 4.2, e.g. t
conclusions obtained from th
tests of the magnetic bearing
and whether magneti
bearings or hydrostatic g
bearings should be applied
task 4.2.

15 |Significantthange in thermodynam|{WP2, | The designs should be fix{1 Yes No The testsin simulation code
conditions of the cycle design wWP4 |before D2.2 by running th¢ can point out whether the
impact the design of th simulations in ATHLE current cycle design and th
turbomachine CATHARE or Modelica w corresponding turbomachin

current design parameters. design are appropriate for th
requirements of sCO2-NPP
These tests should &
performed first to ensure th
designs and to avoid a Q
change of the dsigns in the
future.

16 |Cold startup of the turbomachin¢gWP4, |Operation strategies like |2 No No Since the coldest temperatu
(e.g. at ambient 0f46°C) could fail |WP5 |constant inlet temperaturé is mentioned as46°C in Czec

the startup process of th
turbomachine could be

difficulty. The starup strategy
of the turbomachine should b
developed and tested in th

sCO24-NPP °847606
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Risk Description Risk mitigation measures Reporting Mitigation Risk Comments

N° Period measures materialized
applied? 2

simulation codes (ATHLE
CATHARE or Modelica).

17 |Difficulties to complete architectun WP5 | Stepby-step process: 1 Yes No
design due tonew internal rules o - Architecture of the sCf
the use of plans/visualization of ER module while waiting fo
type reactor designat EDF the necessar

authorizations

- Anticipated exchange
with the units responsibl
for new designs

18 |Delays of modelling of GOoop|WP2 |Strengthening the work tearl Yes Yes CVR- run of test case mod¢
scaledup components and the and increasing the allocat with NRI ATHLET was
testing in Dymola marthours performed successfully. TH

task was done earlier than w.
plamned so the more men
hours for scaledip model ig

available.

19 |CVR can't perform suitable approg WP6 |Continuing of cooperation wit 2 No No Preliminarily, there are thre
to achievereaktime running of the a proven subcontractor (XR( approaches to develop eeal
model on its own without the help ¢ The need to increase CVH time model
an external supplier. budget line for subcontractin a) simplification of the originz

and the need of partig model
reallocation of project fundss b) parallelization of th
likely. computational task

c) solution in frequency doma
An evaluation is current
underway which approach i
lead to the goal and whethg
the CVR can implement it on
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Risk Description

Risk mitigation measures Reporting Mitigation Risk
N° Period measures materialized

Comments

applied?

?

own without the help of ai
external supplier in time.

NPP Simulator not possible

KSGTools; Start coupling te
early.

20 |DymolaModel is not running imeal | WP6 | Transfer of reattime model|2 No No Likelihood of the risk occting
time development to KSG (KSG depends on mitigation pla
Developreaktime model with application of theabove WP
KSGTools) risk. It could be close to zero
3 in case ofrisk #19, risk
mitigationwill not be applied.
(KSG: This will add significi
effort to KSG)
21 |Coupling of DymolkModel to Konveil WP6 |Develop realtime model wit| 2 No No Coupling oDymolaModel has

beentested successfully with
test case model delivered |
CVR.

sCO24-NPP °847606
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3.2 Explanation of the work carried out per WP

3.2.1 WP1Collection of data and validation of the thermal hydraulic system codes [Mon8: 1

Leader.UDE

3.2.1.1 Progress towards objeioes

WP Objectives Achieved (Yes/No and comment)

YesD1.1 and D1.2 submitted.

To test the sCO2IeRo system in the glass mo¢ Measurements in HeRoycle in task 1.1 show
at GfS to generate data on the performance ang operability of the loop and behaviour of componen
validate the safety codes CATHARE and ATHL| Measurement data was used in task 1.2 to check

cycle models.

3.2.1.2 Exploitable results

Validation of thermohydraulic codes: The generation of measurement data helpglerstand the behaviour

of sCQcycles in general and the s@&8eRo cycle in particular. The design of the heat removal cycle for the
NPP profits from thesexperiments The validation of codes (ATHLET, CATHARE and MODELICA) against these
measurements isised to understand challenges in modelling a s6§@le. Furthemore, the confidence level

of the simulation results is gradually increased. Thus, simulation of thete@®removal cycle for the NPP

will deliver realistic results and bring the systenTiRL5.

3.2.1.3 Problems met and actions taken (if any)

Impact on other Impact on Impact on
WPs resources schedule

Deviation / Explanation

Additional data | Tests could not be| Additional tess
was usedor done before M9 | were carried out
validation of because of closure after WP1 was
design tools in | due to COVID19 | concluded (in M10Q
WP4 No delay | from March to and M11).

for other WPs. May 2020.

Additional tests were carried out in June
and July 2020 with Turbomachine from
sCO2HeRo project to provide more
measurements for validation of
compressor design tools

3.2.1.4 Detalils for each task

Task 1.ITesting and generating data on performances€O2HeRo system (MM3) [UDE, GfS, KSG]
Task leader: UDE

Task started irseptember2019 and endd with D1.1, which was delivered on timén November2019. Some
additional tests continued untMarch2020, which isn line with the Descriptionof Action that specifies that
some test cases may be-ren if required.

The target of this task is to provide partners of task 1.2 with sufficient data to validatetieemohydraulic
codes (ATHLET, CATHARE and MODELICA) for cycle simulation. Sewvesat tesbducted according to the
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test plan agreed with partners of task 1.2 who are beneficiaries of the results of task 1.1. The following strategy
was defined:

1 Run tests and prove&lmeasurements starting with test cases of low complexity. Then, increasing the
number of involved components continuously increases complexity.

Therefore, first test exclude the turbomachinand focus on circulation with the piston pump over ultimate
hea sink (UHS) only and then over the whole cycle lith compact heat exchanger and slave electrical
heater (SEH). It was agreed to continue with turbomachine tests only after Wersssuccessfully completed.

To provide partners of task 1.2 witlhe mears to carry out their validation gzeralfileswere sharedroviding
the specificatios of the cycle and the measurement data. D1.1 describes the provided data and supports the
partners by specifying the content of each file.

D1.1 and additional tests (reks are available on thproject intrane) provide data regarding:

9 Filling and starup procedures

1 Impact on component positions on cycle operation

1 Pressure losses in pipes and components

1 Heat transfer in compact heat exchanger (CHX), s#aarical heater (SEH) and ultimate heat sink
(UHS) in stationary and transient experiments

9 Circulation by piston pump and compressor of the turbomachine (stationary and transient)

1 Flow behavior anits impact on cycle operation (e.g. pressure level)

Due to challenging cycle behavior which required additional time for initial tests (filling,-gpafrom
subcritical to supercritical conditions) and an increased leakage on the compressor side of the turbomachine
caused by a damaged seal (in turn causedobgign objects) some tests are not reported in D1.1 and were
not conducted until the end of WPThe nain reason is that mandatory tests for code validation (as agreed
with partners ofT1.2) were given priority over the analysis of the increased leakhater, the Corona
outbreak did not allowpartnersto re-run tests with reduced leakage as testing in the last 2.5 mootiWP1

was not possible. However, this did not interfere with validation of codes in task 1.2 as will be described later.
Additional tests on the turbomachine were carried out in summer 2020 with a refurbished seal. They revealed
the available auxiliary power of the turbine to be insufficient to reach design rotational speed of 50,000 rpm.
This is caused gnunfavorable combination ofnessure losses in the piping being higher than expected and

a quite large ratio of leakage over compressor and turbine seals versus cycle main flow rate. It is expected that
this issuewill be overcome in tests in task 4.1 by improving cycle geometry by replacing certain valves to
reduce pressure losses and the reduction of leakage flow rate due to higher pressinelmack side of the
labyrinth seals at the hub of both compressor and turbimgeller. In any casgthere is good agreement
between the measured and predicted behavior of the turbomachine (compressor and turbine) in terms of
pressure ratio and leakage flow rates.

In summary task 1.1 gradually increased the knowledge and undaditey of sC@cycle behavior and
provided the required data for task 1.2. Therefore, it is considered to be successfully completed.

Partner contributions:
GfS:

9 Elaboration of test plan
1 Support inoperation
 Evaluation of measurement data
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1 Preparation oD1.1
KSG:
9 Elaboration of test plan

1 Providing sCOBleRo cycle facility and consumables
1 Operation ofsCO2HeRo cycle for generation of measurement data

UDE:
9 Elaboration of test plan
9 Operation ofturbomachine isCO2HeRo cycle for generation of measuremedata
9 Evaluation of measurement data
1 Preparation of D1.1

Task 1.2 Validating/improving safety codes (M&9) [USTUTT, EDF, CVR, GfS, UDE]
Task leader: USTUTT
The task started in October 2019 aendedwith submission obeliverable D1.2n schedulén May 2020.

The target of task 1.2 is the validation of the codes (ATHLET, CATHARE and MODELICA) with the measurement
provided by task 1.1. Therefore, the test plan equivalent to the plan for validation was defined in collaboration
with partners of task 1.1. It is based on the strategy to continuously increase the complexity of the model and
validate it step by step. Thus, it was decided to focus on the circulation tests with the piston pump (excluding
the turbomachine) first. During the impigentation of the cycle in the different codes it became obvious that
the cycle behavior is highly complex and the initial development status of each code foresg @ifferent
(see deliverable D1.2). The tlat results in fundamental difficulties to imgrshent the turbomaching in
particular. Therefore, it was decided to benchmark the codesacirculation test with the piston pump only.
The pipingand instrumentation diagram for the benchmark is showirigurel. The bold line shows the flow
path for the benchmark (Valve TK02 S105 is closed). Thus, tile@W©from the piston pump to the UHS, the
CHX (no heat transfer in the CHiE SEH and back to the inlet of theston pump. During task 1.partners
implemented the following components in their models visiblé&igurel to do the benchmarKbehavior of
the sCQloop in simulation for each code)

1 Pipes

1 Valves

1 Piston pump

1 Slave electrical heater (SEH)

I Ultimate heat sink (UHS)

For now, only the calibration of experimental data with CATHARE has been performed for the steady state.
The sinulation of the transient with CATHARE needs further work as multiple divergence issues occurred when
varying the air temperature and heat exchange coefficient during the calculation. The next step is to model
the entire sC®loop. Sgnificant work has tde performed on the turbomachinery modelling in CATHARE. The
compressor and the turbine must be added in the loop. The modelling work will require the support of the
code development team as the data setting is quite complex and the divergence issuesremeus for this

recent application with supercritical GO

The benchmark cycleas been modelleénd simulatedsuccessfullyith the help of ClaRaPIWdODELICA
library within the Dymola environment.General agreement between simulation and measurement is
observed, but also several shortcominfgsg., valve modelling, UHS heat transfer coefficient at air side
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modelling, air mass flow rate calculatiomgre identified. Elimination of these shortcomingsdecontinuation
in modellingof the other stillmissing components shall be part of the future CVR effort.

With ATHLET the benchmark cycle has also been modelled and simulated successfully. Similar to CATHARE
instability issues were observed, but mostloém were solved except the transition to subcritical states close

to the critical point. Due to the detailed modelling of the SEH and UHS, the results are in good agreement with
the measurements. The remaining deviations might be related to the osailtaiticthe cycle or to special heat
transfer effects close to the critical point. In the future, the modelling and validation efforts must be continued
especiallyto improve the recently developed turbomachinery and compact heat exchanger models.

By the vabation of the simulations presented deliverable D1.2, the implementation of supercritical.@O

the codes ATHLET, CATHARE and MODELICA moved a big step ahead. Therefore, the confidence level f
designing and simulating the heat removal cycletfa nuclear power plant is gradually increased and the

goals of deliverable D1.2 are attained.

TEO1 | TEO1 TKO1 | TEO1
F202 | T202 F201 | T201

) Flow+
PV PV density
. .
Pe01 | Ta01
|_Q TKOG |_Q TKOG [clozled)
| pm -
TEDG . .
e
T201
TEOD | TEO1 — S
P10l | T101
H

TEOL | TEOL
P30z | T202
TKDZ 0
5104

UHS

Piston pump

Figurel: Piping and instrumentation diagram for the benchmark test

Preparations for implementation and validati@f the other components were also dofu:

 Turbomachine
T Compact heat exchanger (CHX, ATHLET only)

The validation of the kéer will be done simultaneously with their implementation in the cycle in WP2.
Partner contributions:
CVR:

1 Create model oHeRo cycle in MODELICA
1 Validate model against measurements from HeRo cycle
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1 Preparation of D1.2 (MODELICA)

EDF:
1 Create model of HeRo cycle in MODELICA
1 Validate model against measurements from HeRo cycle
1 Preparation of D1.2 (CATHARE)
GfS:
1 Evaluation of measement data
1 Support in questions regarding HeRo cymbaviorfor code validation
1 Preparation of D1.2 (Cycle behavior and measurement corrections)
UDE:

9 Support in questions regarding HeRo cycle behavior for code validation
1 Preparation of D1.2 (HeRycle description)

USTUTT:

1 Create model of HeRo cycleATHLET
1 Validate model against measurements from HeRo cycle
1 Preparation of D1.2 (ATHLET)

Workpackage 1 is finished.

3.2.2 WP2ZInitial and boundary conditions of sSC@2IPP integrated in an NPMonths: 3-18]

LeaderUSTUTT

3.2.2.1 Progress towards objectives

WP Objectives Achieved (Yes/No and comment)

Definition of accident scenarios YesD2.1 submitted

Simulation of SCO2-NPP loop in a real NPP usi

No, n progress
scaledup component models prog

Definition of technical specification of SC@APP| No, in progress

3.2.2.2 Exploitable results

The definitionand documentation (D2.19f the accident scenario®r three different types of pressurized
water reactors (EPR, VVER1000, KON)@ijde imprtant boundary conditions and guidance for the design
and scaling of the plargcale sC&oops.

Further, the description of the accident progressi@upported by simulation resultsinder thebasic SBO
scenarig (without sC@loops), which develop inteevere accidents with core melting in the time rammja
few hours, is an important reference to assess and highlight the benefits of retrofitting.ds(pO
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3.2.2.3 Problems met and actions taken (if any)

o : Impact on other Impact on Impact on
Deviation / Explanation
WPs resources schedule
Simulation of sCO2-NPP loop using scalg Impact on WPs 4f Noimpact MS3, MS4 and
up component models delayed due to and 5 was D2.2 rescheduled
a) The COVID situation minimizedby to 31 May 2021
b) The necessity to shift part of the | Providing the
work foreseen later in WP5 to thermodynamic
WP2, specifically the design

thermodynamic design, in ordeo
provide in time (i) the cornerstone
for the design of components in
WP4 and (ii) the basis and frame
for developing and implementing
scaledup models in the codes in
WP2.

3.2.2.4 Detalils for each task

Task 2.1 Definition of initialand boundary conditions for an SBO accident (I®) [EDF, GfS, KSG, JSI,
USTUTT, CVR, NRI]

The sk started irBeptember2019 and ended witkeliverable D2.lwhich was delivered on time ebruary
2020.

In the task, the initial and boundary conditions of Station Black&Bi(Yscenaria for three important types

of Pressurized Water Reactors (PWR) present in the European fleet of nuclargseaamely\ePR, KONVOI
and VVER 100ere defined and documented\n important point was to discuss the accident scenarios not
only from the perspective of code simulations, but aisom an operator@ point of view The three reactor
types under consieration naturally differ not onlyclearly by design but also by accident management
procedures. Nevertheless, tteeenarios could be made convergent through thajor common assumption
that all electrically poweredactive systemsre not availableEmphais was on the clear specification of the
assumptions and boundary conditions 8BOscenaris in the different reactors, including the steady state
under normal operation conditions as initial condition for the accident transient.

In D2.1 a short presetation of the codesto be used for the reactor simulations (CATHARE, ATHLET,
ATHLET/DYMOLA) watso provided, together with the fant model (nodalization, etc.)The accident
sequencedavebeendescribed in terms ofequence and timing of majagvents In spite of the technical
differences between the considered plant typ#dse sequences shosommon trendsdue to the fact that the
residual poweihasto be removed through bleeding ttie steam generatorsSG$.

Partner contributions:
CVR:

 <enario of a SBO for\&/ER1000 PWR
9 Description of ATHLET input model
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I Simulation results of SBO accident

1 Contribution to D2.1
EDF:
1 Scenario of a SBO foE®’R PWR
1 Description of CATHARE input model
1 Preparation of D2.1
GfS:

f  Scenario of a SBO for a Konvoi/gk@nvoi PWRIzy RSNJ 'y 2 LIJSNJ (2NRa GASs
1 Contribution to D2.1

USTUTT:

1 Scenario of a SBO foE#R PWR

9 Description of ATHLET input model
T Simulation results of SBO accident
1 Contribution to D2.1

Task 2.2 Simulation o6CO24-NPP loop in a real NPP using scalgsl component models (M1M18)
[USTUTT, EDF, CVR]

An important first achievement in WP2 was the definition of the basic thermodynamic design of thiees€O
removal system. Although this task was initially noegmen within WP2 (only later in WP5), it turned out to

be indispensable to provide in time (i) the cornerstones for the design of components in WP4 and (i) the basis
and frame for developing and implementing scatggimodels in the codes in WP2. The ratte behind the
chosen design and its major parameters are as folldive.sCQ heat removal systenis designed for the
highest power input and the highest ambient temperature because this is the design point of the heat
exchangers and the highest ambidgaimperature is the worstase condition from a thermodynamic point of
view. Some conditions in the G@op can be determined directly from the assumptipmghichhave been
developedwithin thisproject and will be improved continuouslheremaining conditions in the Gop are
determined through optimization, aiming for the highest excess poMier which is defined as the turbine
power reduced by the power consumption of the compressor and the fan. The excess power is maximized
becausetiwill decrease with decreasing thermal power input and the system should be able to operate self
propelling as long as possiblEhe design proadure yields an excess power of 283 kW at a relatively high
compressor inlet pressure of 126.3 bar. The highrafing pressure is a consequence of the need of a high
fluid density at the compressor inlet despite the high compressor inlet temperature of 55 °C, which results
from the high ambient design temperature of 45 °C.

Based on the definition of the thermodyméc layout, simulations were carried out where tB€Q heat
removal system was modelled in staatbne mode in order to explore th@erformance in working range and
possible limitsFigure2 shows exemplarily for the CATHARE codes@alisation of thenodalisation used in
the stand-alone simulation othe sC@heat removal system. Here, the reactoopsare not simulated and
replaced by a boundary condition represemgithe steam flow (coming from the steam generators) through
the primary side of the CHXhe modding of the scaledip turbine and compressor has been designed, tested
and implemented in CATHARES3. The mlodebf CHX and UHS heat exchangesslisimplified for now but

the development of accurate modlag is in progresg-orthe modelling with ATHLET and DYMOLA similar
representations of the sG®eat removal systerareapplied.
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Figure2: Visualisation of the nodalisation used in staralone simulations of the sCGystem with CATHARE

The stanealone simulations of the sG8ystem indicated that the design compressor inlet temperature should
be kept constant during operatiooy controlling the fan speed of the UHRhis control method can be used
almost for the whole range of ambient temperatures. At very low ambient tenmtpeea combined with low

CQ mass flow rates, an UHS bypass may be required for the control of the compressor inlet temperature.
Different heat fluxes from the steasside can be handled by controllitige shaft speed of the turbomachinery
Theshaft speed should be decreased with decreasing thermal power ira#xin order to keep the system
seltpropelling, as can be observed frdfigure3. The white regions indicate where the system is not able to
operate. Therefore, the shaft speed is controlled in the reactor simulations to keep the turbine inlet
temperature constant. This nieod successfully balances the heat remdwalthe CQ@systemsand the heat
production by the decay heat.

nin 1/min
AP in MW

0.05

QCHX in MW

Figure3: Excess power output of the cyced| °C and||+ . °C with type 2 turbomachinery
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Furtherworking modes likeeduced heat fluxes from the steam sided ambient air temperaturglower than
45° C were alstested, as well as alternative methods to control the sG@stem by means of thgHS fan
speedor by means of partly bypassing thitHSor CHX on theCQ side respectively.

After having verified by meanof the standalone simulations of the sGGsystem that the chosen
thermodynamic design is feasible and provides a sufficiently large working range which can be adapted to the
requirements of dferent reactors (by selection ofa sufficient number of modules and adequate control
strategy), the subsequent work concentrated on the preparation and execution of coupled simulations.

For this purpose, the calculations for reference station blackoB) €8enarios (withousCQ heat removal
system) for the three (generic) planttypes under consideration (EPR, VMBRO and Konvoiwere
consolidated and documented to serveadsasis for comparison and for evaluation of the benefits of the,sCO
heat removal systemConcerning simulations for the EPR, éxésting dataset ofhe reference SBO sequence
(without SCQ system)was successfullyanslaedfrom the CATHAREZ2 tbe CATHARES3 versid his will allow

to use the most ugo-date code version and models of CATHARE also for the coupled simulBigane4

shows a visualisation of the reactor vesselle@d EPR modelled in CATHARE 3. The ATHLET models used for
the simulations of the VVERD00 and Konvoi reactors were also reviewed and revised in order to comply with
the code version to be used for the coupled simulations.
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Figure4: Visualisation of the reactor vessel of the EPR modelled in CATHARE 3

Further work comprised the preparation of the coupled simulations. Due to the different simulation tools used
by the involved partnerghis involved different steps and efforts.

Corterning simulations witkcaledup components of the sSCO2NPP loo@ttachedto aVVER 1000 reactor
the overall model is based on coupling@YMOLASCQpart) andATHLE{steam/water part) models. The
scaledup model of the sCQoop was developed and tested. In parallel, t"€HLE™odel of the VVER 1000
system supplemented with the CHX water/steam side was also prepared. The intermediate modelling system
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based onthe TISQool ensuring coupling between the two modeVas successfully tested on a simple case.
In the next phase, the coupling of both models will be established, and simulations will be run.

Concerning simulations witkcaledup components of the sSCEGRNFP loopattachedto an EPReactor, the

sCQ system andhe reactor components (vessel, primary and secondary loops, &tfully integrated in

the modeling within CATHARE3Jhus, no special numericgrocedures have to be developed andupled
simulatbns are not an issudRespective simulations are ongoing and will focus on investigating the general
performance and suitable control strategies.

For thecoupledsimulations of thesCQ heat removal system attached tokonvoi reactowith the ATHLET
code the reactor model has been extended @oablethe separate and independent simulation of all four
primary (and secondary) loopJhis allows to captureorrectly nonsymmetrical effects resulting from
switching off some of theCQunitsin order to adapt to thelecreasing decay power. Extensamalyses have
already been carried out, addrésgseveral aspects of operation and control of #@Qheat removal system.

In the reactor simulations two different decay heat curves resgltrom a different operation historffow vs.
high burnupand short vs. long operation peripevere analysedThe firstcase whichconsiders high burnup
(end of cycleplus a margin due to uncertainties in order to provide a conservative estinmatesel to
determine the number osCQ units required to safely remove the decay powdhe results of ATHLET
simulationsof a KONVOI PWRdicate that at leasthree units are required to cool the reactor over a long
period of time Thiscan be observed frorfigure5 where the calculated temperaturéy  at the hot leg
nozzles otthe reactorpressure vessel are compared for different nundefrsCQunits. This temperature may
be used as firstindicator to analyse if the cooling of the caren beguaranteedFor reference, also the case
without sCQ system (0) is included. With less thdmee units, uncovering of the core and a temperature
escalation leading into severe accident with core melting cannot be avoided. With three units, core melting
can be prevated, howeverthe core is almost uncovere@husat leastfour units of the heat removal system
should be installedo be on the safe side

450 T T T T T T T T T T
0
2
400 3
9 4
£
£ 350 .
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250 1 | | | 1 | | | 1 |
0 1 2 3 4 5 6 7 8 9
tins «10%

Figure5: Calculated temperaturesﬂ_> at the hot leg nozzles of the reactor pressure vesafter the start of the accidenfor
different numbers ofsCQ-loops simulated with ATHLET for a KONVOI PWR

In a second caseith alower burnupand an operation period of just one day before the accidém: decay
heat curveisdecreasindaster than in the first casendrepresentsa conservatively low decay heat. Thise
isusedto investigate the longerm operation of the heat remal system. Due to th&asterdeaeaseof the
decay heatthis case is more challenging concerning controllingstb® system in a manner which guarantees
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long term operation with generation of excess electricitlye Btrategywith control of the shaft sped of the
turbo-compressor and sequential shdbown of single units derived from the standalone simulatioves
appliedand tested. Operability of theCQ system with successful removal of decay power for more tHan
hourshas been successfulliemonstrated.

The deliverabl®?2.2is under preparatiomnd will documenturther results of the simulations for the different
reactor types with the ugscaledsCQ system in more details

Partner contributions:

EDF:
1 Conversionfrom CATHAREZ2 to CAARE3 version of existing dataset of reference SBO sequence
(without sCQ system) in EPR done
I Simulations of reference SBO sequence (withe@Q0 system) in EPR carried out, evaluated and
documented
1 Modelling of scaledip components of the sG&ystem in CATAHRES in progress.
0o The modeling of the scaleap turbine and compressor has been designed, tested and
implemented in CATHARE3
0 The modeling of CHX and UHS heat exchangers is simplified for now, but the development of
accurate modeling is inrpgress
o Discussions with the team from Fives Cryo dedicated to the design of the heat exchangers
have been performed
i Standalone simulations (NPP side replaced by simplified boundary conditions) pg§&€m with
simplified CHX and UHS heat exchangersiech out and checked concerning functionality and
plausibility
T ThesCQ system and the SBO sequence in EPR are both modelled with CATHARE3, so coupled
simulations are not an issue
NRI
1 Scaled; up model of thesCQloop prepared in Dymola (Dymola scatedp model)
1 Dymola scaledip model tested in standlone simulation mode (without ATHLET) with the help of
simplified boundary conditions on the water side of the CHX
0 Working mode with the ambient air temperature +45°C successfully tested
0 Other working modeglow heatinput and low ambient air temperatujdested
9 Different control strategiefUHS fan speed, CHX bypassing orCeside, UHS bypassing on t6€
side) tested
1 Initial realistic state for the VVERO00 NPP tunednd SBOaccidant calculated(until the cladding
temperature exceeds 1200 ° C (3.5, lahalyzed and documented
1 Gouplingof DymolaandATHLET successfuttgtedwith the help of simple 2 pipes heat transfer model
(coupling performed with the help of TISC softwanel Linux wrappers)
1 Works in progress regarding tAefTHLEVVER 1000 and Dymola scaigdmodel coupling
USTUTT:
I Update of existing input decks for plant calculations to new ATHLET version
1 Base case scenario (withaa€Q loop): Revision of input deck and repetition of simulations with new
ATHLET version
1 Thermodynamic layout of plant scale lo@ipalized(alsodiscused with WP 4 & 5)
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1 Simulation of reference SBO sequence (witha@Q system) carried out, evaluated and dogented

Modelling of scaledip components of thaCG-system designed, implemented and testedARHLET

1 Standalone simulations (NPP side replaced by simplified boundary conditioe€Y@$ystem carried
out and checked concerning functionality and plaugy

1 Functionality of coupled simulations (using simplified/moagkmodels, where appropriate) tested
and verified

1 Input deck for plant simulation of SBO sequence includi@® system available, checked and
executabé

1 Simulations of SBO scenario inchgCQ systemin progress (with and without control strategy)

1 Two publications for thd"" European sC{Cmference (see chapte3.2.8.9

=

323 WP3[ AOSyaAiy3d NBIdzA NBYSy (i Morihs:236) NBt S@Iyi Syo
Leader.JSI

3.2.3.1 Progress towards objectives

WP Obijectives Achieved (Yes/No and comment)

Setup of requirements faystem components an

: . Yes
functionality (Task 3.1)

Setup of requirements and criteria
modifications on the reference plant aftg Yes
integration of the heat recovery systeffask 3.2)

Design bases and safety analyses requirements

Ye
system anccomponents (Task 3.3) S

Setup of requirements for testing and operati

(Task 3.4) No,in progess

Independent review of the proposed sC@APP
system considering the international experiencg No, starsat M19
licensing okimilar systems (Task 3.5)

3.2.3.2 Exploitable results

In the D3.1the nuclear regulatory elements to be considered in the design of components and system for
passive decay heat removal, called s&@NPP, have been identified. The design of components within the
framework of nuclear licensing is an important step to leleathe adoption of sSCG2NPP by nuclear
authorities and nuclear power plant (NPP) operators. The detailed design of the4sR components
(turbomachinery, heat exchangers and auxiliary systems) will therefore be specified taking into account
regulatay requirements provided in D3.Dutputs ofTask 3.1 ar¢o be used inTask 4.Zor a conceptual
design of a turbomachindn Task 4.4for propodng the best optimised design solutions for the heat sink
exchangemand inTask 4.5or performing a completemechanical study in order to improve the mechanical
integrity of the heat recovery exchanger
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Besides thi& use within the sCO24-NPP project, the results witlisobe exploited by nuclear power plant
designers, operators and regulatons particular for performingsafety assessentsof passive safety systems.

In deliverable 3.2, NRI and EDF have identified the specific regulations in the Czech Republic and France for
nuclear power plants. The objective of this identification was to lay the necessaryddtons for
understanding the regulations for safety systems, innovations, and modifications to nuclear power plants.
Indeed, although nuclear safety is a common objective for all huclear power plant operators, the regulations,
and criteria to be met areet out at a national level. Deliverable 3.2 thus offers a comparison of the differences
between the national regulations of the two main contributing partners in this task.

D3.2coversa few main aspects of nuclear safety, namely the nuckegulatory framework, the general
approach to safety and the requirements for systems, structures and components in an NPP. Finally, the
requirements for the plant modifications are discussed. All these topics are presented for both Czech Republic
and Frage case. Many regulations regarding nuclear safety are similar in these countries aarhbgsel

on the same international rules (IAEA, WENRA,,I&RR This fact makes it easier for the s@ERPP system
designers to make it possible to implemerttet system in more European countrid332, that will be
independently reviewed in Task 3Will be used as input to WP7 for definiagegulatory roadmap to reach

TRL9

In deliverable D3.3, NRI and EDF used the results of D3.2 to identify the reguaitbaonstruction rules to

be followed for the construction and qualification of the sGf@stem and its components. Thus, criteria and
rules relating to the materials of the components, parameters such as mechanical strength and the
classification of thesCQ system components in terms of safety were defined. The steps for the qualification
of the system were addresseBegulatory changes for the modification of power plants in the Czech Republic
and France if the sGQ@ystem were to be integrated into isting power plants are also presented in the
deliverable.

D3.3provides detailed requirements for the design and operation of the s€@tem in Czech and French
NPPsThe specific safety classificationtbe sCO24-NPP system in Czech and French ldislas presented.
Requirements forthe design basis o$tructures, systems and componentSSE), such as functions to be
performed, internal and external hazardsafety classificationreliability, environmental conditions for
qualificationmonitoring and contrqgletc. are included In general, it is much easier to clearly define the design
basis for the SS Czech Nuclear Power Plants than in French NR#glirements for qualification (testing,
qualification strategy, numerical qualifiian strategy and qualification quality requirements)rrenchNPPs
and conformity assessment procedure for Czech NPPs have been also Fihadly, requirements for
operation are specifiede.g. human factors, operating technical specifications, emargg@hans) D323, that

will be independently reviewed in Task 3ubll alsobe used as input to WP7 for defining regulatory roadmap
to reach TRLO9.

3.2.3.3 Problems met and actions taken (if any)

None to report.

3.2.3.4 Details for each task

Task 3.1 Identification of theegulatory elements to be considered in the design of components and system
(M1-M9) [JSI]
Task leaderdSI
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The task started ilseptember2019 and ended with D3.1, which was delivered on tim&ay 2020.The
starting point for identification of th@uclear regulatory elements was the setup of a hierarchy of regulatory
requirements proposed to be used for the SGORPP project. It consists of five levels of rules, where the first
two levels are equivalent, consisting of European harmonized requiresmiar existing reactors and
internationally established requirements for design of nuclear power plants.

Levell high level requirements &Vestern European Nuclear Regulators AssocidiidENRA) and the Leuel
requirements for nuclear power plant desigf International Atomic Energy Agency (IAEA) are equivalent
levels (highest requirements like country legislation), with the difference that WENRA presented harmonized
European requirements$or existing reactorsand are therefore at the togthe repot focuses on design
requirements), while IAEA presented internationally established standards for design of nuclear power plants,
but the scope is broader than that of WENRA and was therefore included as complementary.

Levellll documents deal with processriented documents (quality assuranaegulatory guides omlesign,
modification, etc.).For quality assuran¢e few standards satisfying specific nuclear requirements may be
used, includinghe IAEA management system. For design procesbeslAEA or LS. Nuclear Regulatory
Commission (NRC) again provide acceptable guidance, if national regulatory guideslesfted European
country are not availablelFor nuclear civil structureghe design guide of th&wedish Radiation Safety
Authorityis given. Fially, plant modification process guides are also described.

LevellV presents documentsvhich are componenbriented for design and operatiofor nuclear codes and
standards for mechanical component design it was identified (based on literature) thaugh the French
RC@&M and ASME Sectidi codes may contain different sets of requirements, they result in components of
an equivalent level of quality. Similar conclusoauld be drawn fothe German KTA standard fire selected
example Nuclear code and standards for civil structures and electrical equipment are also described.

Finally, LeveV deals with the codes and standards usedforventional facilitieslt is expected that primarily
LevellV nuclearomponentoriented documents will be usetbr the design of sSCOG2-NPP components.

The future key issue is that according to WENRA the current safety approach relies primarily on active safety
systems. Therefore, achieving the same reliability as for active safety systems may challenge tlgesekéti
strategy.In addition the safety demonstration of reactor designs relying on passive safety features need to
be developed to ensure safe operation of those designs in the future.

Partnercontributions
JSI: Preparation of D3.1

Task 3.2Requirements and criteria for reference plant modification on heat recovery system installation
(M1-M14 [NRI, EDF]

The task started iBeptembe?019 and ended with D3.2, which was delivered on tim@dtober2020.1n this

task the requirements in CzedRepublic and in France in order to approve nuclear power plant modification
and installation of the heat recovery systdrave been describedrhe licensing requirements depend on the
country regulatios, design requirements and other factors that shoule ¢onsidered in the analysis. In
parallel withT3.1andT3.3, thistaskprovides the set of requirements for the implementation of the system in
the nuclear power plant in selected reactor types (VVER in Czech Republic and PWR in France).

The part regarding the Czech Republic ¢asmsedn the example o VVERLO0O reactor and Temelin NPP.
The French part uses the exampleaofEPR reactoilhe nuclear regulatory framework in Czech Repubbe (
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Figure6) and in FrancesgeFigure?) is described. The implementation ¢fet international requirements has
beenpresented as well as country specific legislation and hierarchy of the fithestequirementsn Czech
Republiccan be arranged intoaf S @St & whEiNdprésemsétteir hierarchgs shown irFigure6. The
first level contains the most important legal documents and the lastaomains thenormative and technical

documentation.

Czech Law;

EU regulations

IAEA Safety Fundamentals &
Requirements;

WENRA for existing reactors;

ISO Requirements

Regulations by NPP owner and technology provider;
Instructions and Recommendations [IAEA, WENRA, SUJB);

1AEA Safety Guides

Normative and technical documentation from
the technology provider;

Other Normative and technical documentation related to NPPs

Other Normative and technical documentation;
Other documents required by the NPP owner

Figure6: Hierarchy of nuclear regulations in CzeBepublic

As shown irFigure?, the French nuclear regulati@and law are characterized by many sources, as in other
countries with nuclear energy capacitieshe orighal features of this legislation derive chiefly from
international recommendations or regulations.

Levels of regulation: 7 levels

IAEA, WENRA o‘ o teatybnng Regulation process:
Drectivesand 4 levels

European Union et

Legislative
domain

Parliament

A\Tmﬂvﬁ power

Parliament

Legally binding
Legally
binding domain

Non-egally
Non-legally
binding

Figure7: Levels of regulation in the local nuclear field in Frar(eft) and French nuclear regulation proceggght)

Government

ASN / Governement
Approval

Then the description ofa general approach to nuclear safetyas elaborated The most important aspects
have been considereduch ashe Defensen Depth concept, classification of NPP states, safety analysis and
acceptance criteria. The concepts and rulessimilar in Czech and French legislation and some links between
the two parts are given, where appropriatélext, the requirements and classification of NPP systems,
structures and component$SSC9)ave beendentified, with special emphasis on the ptacfthe sSCQsystem
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in the classificationk-inally,the process of NPP modification in Czech Republic and in Hrasdgeen given.
All main steps and requirements regarding the process are presented briefly:

A Categorization of changes according to thangicance

A Responsibilities

A Implementation of modifications

A Safety assessment (Description of the modifications, Impact study, Safety report, Risk management

study)

It was concluded thait will be highly beneficial to instadin alternative system for th emergency residual
heat removal in Czech NPPs. However, it would require the regulatory body (SUJB) approval along with the
careful preparation of design documentation, safety assessment, personnel tragtmgAll these steps
should be consistent witthe applicable national and international regulations currently in force. Concerning
the requirements for licensing in France, the role of the operator of the power plant on which thewsEén
will be installed is crucial. Indeed, the French legigataxts are not very prescriptive, so it is up to the
operator to design a modification application that meets theeleaxpected by thédutorité de slreté nucléaire
(ASN andInstitut de radioprotection et de sdreté nucléaiflRSN).
Partnercontributions:
NRI

Introduction to nuclear industry in Czech Republic
Nuclear regulatory framework in Czech Republic
Safety general approadh Czech Republic
Requirements for the SSCCzech Republic
Requirements for the plant modificatian Czech Refhlic
Preparation of 3.2

= =4 -4 —a -—a -9

EDF:

Introduction to nuclear industry iRrance
Nuclear regulatory framework iRrance

Safety general approach France

Requirements for the SS&CFrance
Requirements for the plant modificatian France
Contribution to D3.2

= =4 -4 4 -—Aa -2

Task 3.3 Design bases and safety analyses for system and componentM{4B[NRI, EDF]

The task started irebruary2020 and ended with D3.3, which was delivered on tinidgdonembe2020.Within
the framework of the SCG2-NPP project, the consortium hatanned to establish a roadmap to inform and
prepare the regulatory aspects related to the developed s§6tem. For this purpose, a mudtiage process
has been initiated. In D31Be regulatory requirements for the development of the sG@stem, analying the
expectations from the design phase to the operation ph@seuding the expectations for qualification by the
relevant authoritie} are presented in detail, both f@zech and French Nuclear Power Plants (NPP).

Thestandards regarding the main fations of the SCO2-NPP system (decay heat removal and heat transfer
to the ultimate heat sinkhhave beergiven based on thmternational Atomic Energy AgendpEAdocuments.
The RC®M, AMSE and KTA standatus/e beeralso considered. After that, thepecific safety classification
of the sCO2-NPP system in Czech and French legisl&tésnbeempresented.
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The following equirements(according to the IAEA SS6) for the design basis of Systems, Structures and
Componenthavebeen discussed (with overview and both Czech and French specific requirements):

1 Functions to be performed by the systdmithout country specific requirements)

Postulated initiating events #t the system must cope witfwithout country specific requirements)
Loads and load combinations the system is expected to withstand

Protection against the effects of internal hazards

Protection against the effects of external hazards

Design limits and aeptance criteria applicable to the design of SSC

Reliability

Provisions against common cause failures within a system and between systems belonging to different
levels of defense in depftfwithout country specific requirements)

Safety classification

Enviromental conditions for qualification

Monitoring and control capabilities

1 Materials

= =4 4 4 -—a -8 -

= =4 A

It has been concluded thanh general, it is much easier to clearly define the design basis for the SSC in Czech
Nuclear Power Plan@\PPs}han in French NPPs. Czech Rsjgus a smaller country with no seacoast and
very similar meteorological conditiomserthe entire area. There are only two NPPs and one of them (Temelin
NPP) was taken as the example for establishing the conditions for thesg§&1€m. On the other hah France

is a much bigger country with varied meteorological and seismic conditions and the largest raimbelear
reactors in EuropeTherefore, the postulated loads and hazards differ depending on which site is considered.
In most cases, the legisiah and appropriate documents were described in tiediverableinstead of specific
values and parameters.

The requirements for the qualification of the SB&ve been given separately for Czech and French .NPPs
givesanideaabouthow to prove the systé Q& O2y FT2NXAGE& GAGK (GKS NBIj dzA NBY
etc.).

Finally some of the most important requirements regarding the operatimve been presented both for
Czech and French NPPs

Partner contributions:
NRI:

sCQ system safety classification Czech Republic
Requirements for design basisCzech Republic
Requirements for galificationin Czech Republic
Requirements for perationin Czech Republic
Preparation of B.3

= =4 —a —Aa -2

EDF:

sCQ system safety classification France
Requirements for design basisFrance
Requirements for galificationin France
Requirements for perationin France
Contribution to D3.3

= =4 —a —a A
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Task 3.4 Requirements for testing and operation (M20) [NRI, EDF, CVR]

The task started idune2020 and is planned to end with D3.4 April 2021. The D3.Dprovides review
ofpressure vessel codes and standards (both nuclear and conventional). In such stattdardguirements

for testing and performanceare alsoset For example ASME Operations and maintenance code of nuclear
power plants establishes the requirements for preservice @mrskrvicetesting and examination of certain
components to assess their operational readiness in the-ligiter reactorpower plants.

In order to guarantee an adequate level of reliability during reactor operation, the sgem shall be
maintained under suitable conditions in order to be available and ready to operate correctly. This implies being
able to determine the periodic tests, preventive maintenance operations (and decommissioning if necessary)
to be set up for te sCQ@system. In the D3,3t has been identified that in the state of development of the
system, it is difficult to determine the maintenance operations that will depend on the characteristics of the
final equipment. However, it is possible to determimkether periodic testing or inspections will be required.
Highlevelrequirements hae already been identified for Czech and French NPPs. The work is in progress.
Partner contributions:
NRI:

9 Identification of requirements for testinip Czech Republic
EDF:

1 Identification of documen®perating Technical Specificatiomish general requirementto define the
equipment required in operatioand the test programs.

1 Based on the results of D3dkgtermination ofwhich procedures related to the operation and pefio
testing of the plant would be impacted by the installation of the s@@dule. EDF isiow in the
process of determining, from the operating rules of the power plants, and from knowledge of the sCO
components and cycles, which could be the first ridebe applied.

Task 3.5 Independent review of requirements (M\36) [JSI]
N/A (Task 3.5 start is at M19 and deps completion of D3.2, D3.3 and D3.4

3.2.4 WP4Conceptual design of components (turbomachinery and heat exchandéosths: 1-
36]

LeaderFIVES CRYO

3.2.4.1 Progress towards objectives

WP Objectives Achieved (Yes/No and comment)

Scalingup of component models from sC@#Ro

NO. i
to sCO24-NPP O, In progress

Improvement of the sCOBleRo design regardin

No, in progress
robustness prog
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WP Objectives Achieved (Yes/No and comment)

Conceptual design of turbomachinery for sG42

No, in progress
NPP loop + I preg

Conceptual design of heat exchangers for M

scale SCO-NPP loop Yes Design of DUH&d CHachieved

Plan for qualification of heat exchangers @

. No, in progress
turbomachinery prog

3.2.4.2 Exploitable results

Validation of applicability of bearing technology in s€@vironment:

Task 4.1 designs and tests a turbomachine with magnetic bearings iraa@@nalyses the behaviour of
hydrostatic gas bearings in s&hvironment.Hardly anyexperimental results on both bearing technologies
are currently available. The task proves applicability of these technologies ires@@nment so they may
be applial in larger scale turbomachines.

3.2.4.3 Problems met and actions taken (if any)

o : Impact on other Impact on
Deviation / Explanation P P Impact on schedule
WPs resources

Three Delays on
additional turbomachinery
personnel manufacturingand gas

Delays due telosure of mechanical
workshops and delay in procurement of | None expected
parts caused bgZovid19 situation

monthsare | bearing tests require
required due | shift of D4.1 by 3

to shift of monthsto M21 and
deliverable | D4.2 by 2 months to

D4.1 M22

USTUTT is
Material test on gas bearing materiahd carrying out
preparation for gas bearing tests | No experiments | No
SCARLETT facility (USTUTT) in WP4 (not

foresea)

3.2.4.4 Detalls for each task

Task 4.1 Validation of the design procedures by means of testing an improved ${&B®scale
turbomachine with technology, which correlates to those of the sGORIPP technology (MM18) [UDE,
NP TEC, GfS, KSG]

The task started iSeptember2019and is expected to end with D4.1Nay 2021, a threemonth delay.The
goal of task 4.1 is the design and testing of an improved turbomachine (compared to the one tested in WP1)
for the sSCOHeRo cycle to validate bearing technologyaput for task 4.2.

The s$atus of task 4.1 is as follows:
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Design of magnetic bearings antbomachine is finished.

Manufacturing of turbomachine was completed in January 2021.

Procurement of additional parts was completed in January 2021.

Assembly of turbomachine with magnetic bearings was completed in January 2021.
Commissioning of turbomadate with magnetic bearings started in January 2021 and is planned to be
completed by end of February 2021.

1 Possibilities for gas bearing tests have been checked with owners ofle@3 (CVR, KSG and
USTUTT). Teswill be carried out in April 2021 ahe SCARLETT facility at USTUT FteBte on gas
bearing material for compatibility with sG@ave been carried out in November 2020.

=A =4 =4 A

The turbomachine is an enhanced version of the one from the 4@Rd project The improvement is
basically related to thexxhange of bearings from ball bearings to magnetic bearings (subcontracted to MECOS
AG). This allows to discard the piston pump in the cyitiesemain task is the reduction of pressure in the
central housing of the turbomachine indicatedrigure8Error! Reference source not foundThis is required
because lubricants in the used ball bearings are dissolved by BE@@ermore, the leakage over the seal on

the hub of the compressor and turbine impeller is reduced by the higher backpressure of th&igasd.
8Error! Reference source not founflurther shows the compressor, generatand turbine from left to right.

The axial magnetic bearing consists of a disc (brown) on the rotor and two electromagnets (yellow & light
grey). Tle radial bearings on both sides include the sleeves (brown) on the rotor, the electromagnets (orange),
emergency ball bearings (without lubrication, blue) and sensor rings (light grey) with position sensors for the
shaft.

Compressor Centralhousing Turbine

Compressor Axialbearing Turbine

impeller Radiabearing Generator Radiabearing impeller

Figure8: Cross section of turbomachine design for task 4.1

These parts may also be found on the right sidé-igiure9. The latter shows two 3printed models of
turbomachinesat 1-to-1 scale, which are also used for dissemination. [Efichandside ofFigure9 presents
the turbomachine employed for tests in WP1 and the right hand side shaavisniproved turbomachine with
magnetic bearings. While the alternator (yellow) and the aerodynamic design of compressor (blue), turbine
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(red) and related stator parts such as the seals (green) remained unchanged, the bearagschangeéor
magnetic one with the axial bearing (orange) and the radial bearings consisting of the bearing itself (beige)
and the sensors (white) together with the safety bearings (metallic). Other features, such as sewardl in
outlets to the central housing, are not visibteFigure8Error! Reference source not foundr Figure9. They

allow the balancing of axial thrust and conditioning of si@@he cavities by adding s&ftom the compressor

outlet or extracting it from central housing. This allovesyingthe operational parameters of the magnetic
bearings. Hencet helps to gain a fundamental understanding of the operation of magnetic bearings in sCO
The rotordynamis can be assessed experimentally by the possibility to control the 8&0in the casing
together with measurements of pressures and temperatures. This knowledge will help to validate the
rotordynamic models and to develop the s@@€chnology further. St the current laclkof knowledge poses a

risk for operation of the turbomachine with magnetic bearings. Therefore, the mitigation of testing a second
bearing option with sC£{gas bearingss employed.

Figure9: 3D-printed 1-to-1 scale models of turbomachines developed in the s@@¥Ro project (left) and its improved version
from the sCO24-NPP project (right) for laboratory scale experiments

The following figures give an impressigfithe work done in manufacturing, assemblydapretest. Figurel0
presents the completely assembled machine before commissioning. The foreground presents the piping with
its valves and sensors to control sd@w in the central housing. The machine itself is connected to the
magnetic bearing controller with five cables for power supply and sensor sifiigisell gives aninsight
showing a selection of parts. Most of these were manufactured in the workshop at University Diissery

which wagotally closedfrom March to May 2020 ankdalf opensince November 202€ausinga considerable

delay in manufacturing, which regas reschedulingd4.1 by 3 monteto M21. Figurel2 presents some of

the pretests to validate the design and guarantee safety of the turbomacHihe. pretests on desgn are

crucial to validate calculation of eigenfrequencies (top left) which is very important input to rotordynamic
calculations and to ensure tolerances of narrow radial clearances of less than 0.1 mm at emergency bearings
are met. The commissioning isparated in several steps with the bottom right picturémigurel2 presenting

the first in air environment. In the first week of February, the turbomachine reacheidmispeed of 50,000

rpm with size of the orbit of rotation being leisan 10> Y® ¢ KA & LINP PSR & dzLJISNJ 2 NJ 6 |
in genera) operabilityof the turbomachinen aknown enwronment. The turbomachine will now be integrated

in the sCOHeRo cyclat GfS, Esseand commissioning will continue the sCQ environment, which is
planned for end of February 2021.
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Figure10: Assembled turbomachine

Figurell: Parts of theturbomachinec rotor with assembled impellers and generator without bearing parts (topabyrinth seals
(middle), test assembly of internal stator parts (bottom leftassembled radial bearing (bottom right)
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