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1 List of Acronyms  

Abbreviation / Acronym Description / meaning 

CHX Compact Heat Exchanger 

DUHS heat sink exchanger (Diverse Ultimate Heat Sink) 

ESPN  Equipment Sous Pression Nucléaire (Nuclear Equipment Under Pressure)  

HX Heat Exchanger 

IAPI Important Activities for the Protection of Interests 

NDA Non-Disclosure Agreement 

NDESR Necessary Dimensions to meet the Essential Safety Requirements 

PED Pressure Equipment Directive 

PWR Pressurized Water Reactor 

RCC-M Regles de Conception et de Construction des Materiels Mecaniques des Ilots 

Nucleaires PWR 

SBO Station Black Out 

TISC suite Software package for coupling simulation tools 

ToR Terms of Reference 

TRL Technology Readiness Level 

VVER Water-Water Energy Reactor 
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2 Executive Summary  

This deliverable D9.3 Interim Technical Review provides a comprehensive status of project progress against 

objectives as of M18 (February 2021), half-way through the project. The overall status is given in terms of 

project milestones, deliverables and risk management, followed by a detailed status per task, including 

progress toward objectives, exploitable results achieved to date, and challenges encountered. The project is 

largely on track, but with a few deliverables and milestones delayed by two or three months due to pandemic-

related laboratory closures affecting the 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 high-level objectives are shown in the table below and correspond with work packages 1 through 

7. The work packages are roughly sequential, with some overlap, and results of one work package being used 

as input for the following workpackage. 

Objectives Achievement (Yes/No, Comment) 

Objective 1: Validation of sCO2 models in thermal-

hydraulic system codes on lab scale 

YES, Measurements were taken, HeRo cycle was 
modelled in ATHLET, CATHARE and MODELICA for a 
benchmark test case. Benchmark test case was 
successfully simulated, and results were compared 
to measurements. 

Objective 2: Specification of an upscaled system, 

boundary conditions and simulations for 

implementation of sCO2-4-NPP loop in a full-scale 

NPP (PWR) 

NO (In progress, achievement expected in May 2021 
ς see WP2) 

Objective 3: Preparation of a licensing roadmap of the 

sCO2-4-NPP system to ensure compliance with 

application regulation 

NO (In progress ς see WP3) 

Objective 4: Design of components for the sCO2-4-

NPP loop in the context of licensing requirements 

(turbomachinery, heat exchanger, auxiliary systems) 

NO (In progress ς see WP4) 

Objective 5: Final design of the system architecture of 

sCO2-4-NPP integrated in a full-scale NPP 
NO (In progress ς see WP5) 

Objective 6: Validation of sCO2-4-NPP loop in a virtual 

άǊŜƭŜǾŀƴǘ ƴǳŎƭŜŀǊ ŜƴǾƛǊƻƴƳŜƴǘέ t²w 

NO, first test case model was exchanged with CVR 
and could be successfully connected to simulator (In 
progress ς see WP6) 

Objective 7: Prepare technical, regulatory, financial 

and organisational roadmaps to bring sCO2-4-NPP to 

Market 

NO (In progress ς see WP7) 
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3.1.1 Milestones 

ML# ML WP# Lead Due Due date Means of Verification Status Achievement 
date 

Comments 

MS1 Thermohydraulic codes validated WP1 UDE M9 31/05/2020 Initial experiment in sCO2 loop 
finalised and results have been 
communicated to partners (D1.1 
submitted) 

Achieved 
D1.1 & 
D1.2 
submitted 

 29/05/2020   

MS2 Input to specifications for scaled-up 
system (test data from sCO2-HeRo 
loop, boundary conditions for SBO 
and specifications from licensing) 

WP1, 
WP2, 
WP3 

USTUTT M9 31/05/2020 Initial experiment in sCO2 loop 
finalised and results have been 
communicated to partners (D1.2, 
D2.1 and D3.1 submitted) 

Achieved 
D1.2, D2.1 
& D3.1 
submitted 

  
29/05/2020 

  

MS3 Simulation of sCO2-4-NPP loop 
using scaled up component models 
ready 

WP2 USTUTT M18 28/02/2021 Simulation based on first 
specification for components 
finalised (D2.2 submitted) 

Ongoing   Rescheduled 
to May 2021, 
Delay due to 
the COVID 
situation 

MS4 Preliminary technical specifications 
of scaled-up sCO2-4-NPP loop 
ready 

WP4 UDE M18 28/02/2021 First specifications for scale-up of 
components available. 

Ongoing   Rescheduled 
to May 2021 
(see MS3) 

MS5 Technical specification of 
components and system 
architecture of final design ready 

WP4, 
WP5 

EDF M26 31/10/2021 Final specifications of the 
components and system 
architecture available (D4.3, D4.6, 
D5.2 submitted) 

Started     

MS6 Fast running version for integration 
in KONVOI virtual NPP ready 

WP5 CVR M26 31/10/2021 Developments of fast running 
model finalised and delivered 
(D5.6 submitted) 

Not 
started 

    

MS7 Validated system in KONVOI virtual 
NPP ready 

WP6 KSG M29 31/01/2022 Simulations in KONVOI NPP 
finalised and results reported 
(D6.2 submitted) 

Started   Test case 
was started 
ahead of 
schedule 
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ML# ML WP# Lead Due Due date Means of Verification Status Achievement 
date 

Comments 

MS8 Simulation of sCO2-4-NPP loop 
using final design parameters ready 

WP5 EDF M30 28/02/2022 Simulations with real design 
parameters finalised (D5.5 
submitted) 

Not 
started 

    

MS9 Independent review of 
requirements for licensing 

WP3 JSI M36 31/08/2022 All safety and regulatory 
specifications for the system have 
been reviewed (D3.5 submitted) 

Not 
started 

    

MS1
0 

Roadmaps to TRL9 ready WP7 EDF M36 31/08/2022 All roadmaps are finalised (D7.2 
submitted) 

Not 
started 

    

 

3.1.2 Deliverables 

Del# Deliverable name WP
# 

Lead 
beneficiary 

Disseminatio
n level 

Due delivery date 
from Annex I 

Status Actual 
delivery date 

Comments 

D1.1 Data on behaviour of the sCO2-HeRo-loop and the 
glass model 

1 UDE CO M3 30/11/2019 Delivered 29/11/2019   

D1.2 Report on the validation status of codes and models 
for simulation of sCO2-HeRo loop 

1 USTUTT PU M9 31/05/2020 Delivered  29/05/2020   

D2.1 Report on the definition of initial and boundary 
conditions for the SBO accident 

2 EDF PU M6 29/02/2020 Delivered 29/02/2020   

D2.2 Analysis of the performance of the sCO2-4-NPP 
system under accident scenarios based on scaled-up 
components data 

2 USTUTT CO M18 28/02/2021 In 
progress 

  Rescheduled 
to 
31/05/2021 

D3.1 Report on identification of the regulatory elements for 
design of components and system 

3 JSI PU M9 31/05/2020 Delivered 29/05/2020    

D3.2 Requirements for reference plant modifications for 
installation of sCO2-4-NPP 

3 NRI PU M14 31/10/2020 Delivered 30/10/2020   
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Del# Deliverable name WP
# 

Lead 
beneficiary 

Disseminatio
n level 

Due delivery date 
from Annex I 

Status Actual 
delivery date 

Comments 

D3.3 Design bases and analyses for system and components 3 NRI PU M16 31/12/2020 Delivered 22/12/2020   

D3.4 Requirements for the preoperational and initial start-
up test programmes for the system 

3 NRI PU M20 30/04/2021 Started     

D3.5 Independent review of the sCO2-4-NPP system 
licensing roadmap for real nuclear power plant 

3 JSI PU M36 31/08/2022 Not 
started 

    

D4.1 Test results of the improved small-scale turbomachine 4 UDE PU M18 28/02/2021 Started   Rescheduled 
to 
31/05/2021 

D4.2 Review turbomachine design for sCO2-4-NPP 4 UDE CO M20 30/04/2021 Not 
started 

  Rescheduled 
to 
30/06/2021 

D4.3 Conceptual design of the sCO2-4-NPP turbomachine 4 UDE PU M36 31/08/2022 Not 
started 

    

D4.4 Preliminary design and models of the sCO2-4-NPP 
heat exchangers 

4 FIVES CRYO PU M18 28/02/2021 Delivered  28/02/2021   

D4.5 Final conceptual design of the Heat Sink Exchanger 4 USTUTT PU M36 31/08/2022 Not 
started 

    

D4.6 Final conceptual design of the Heat Recovery 
Exchanger 

4 CVR PU M36 31/08/2022 Not 
started 

    

D4.7 Qualification methodology for Heat Exchanger and 
turbomachinery according to NPP requirements 

4 FIVES CRYO PU M34 30/06/2022 Not 
started 

    

D5.1 Design concept with auxiliary systems 5 EDF PU M26 31/10/2021 Started     

D5.2 Preliminary design of sCO2- 4-NPP system integrated 
in a real NPP 

5 EDF CO M26 31/10/2021 Started     

D5.3 Summary of modifications on the reference plant after 
integration of the heat recovery system 

5 EDF PU M30 28/02/2022 Not 
started 
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Del# Deliverable name WP
# 

Lead 
beneficiary 

Disseminatio
n level 

Due delivery date 
from Annex I 

Status Actual 
delivery date 

Comments 

D5.4 Thermodynamic performance of the heat recovery 
system integrated into the plant 

5 CVR PU M24 31/08/2021 Not 
started 

    

D5.5 Integration of data from real design parameters into 
the CATHARE thermal-hydraulic code and simulations 
based on accident scenarios 

5 EDF CO M30 28/02/2022 Not 
started 

    

D5.6 Fast running version of the sCO2 heat removal system 
for implementation in control logic of PWR simulator 

5 CVR PU M26 31/10/2021 Not 
started 

    

D6.1 Specification for interface 6 KSG CO M19 31/03/2021 Started 
 

Interface 
specification 
has started. 
Test case is 
already 
successfully 
implemente
d.  

D6.2 sCO2 System integrated in PWR-simulator 6 KSG PU M29 31/01/2022 Not 
started 

    

D6.3 Representative transients of a European PWR 
equipped with sCO2-system monitored and assessed 

6 GfS PU M36 31/08/2022 Not 
started 

    

D7.1 First version of sCO2-4-NPP exploitation plan 7 EDF PU M18 28/02/2021 Delivered  28/02/2021   

D7.2 sCO2-4-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 CO M4 31/12/2019 Delivered 26/12/2019   

D8.3 Project public website 8 ARTTIC PU M6 29/02/2020 Delivered 29/02/2020   
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Del# Deliverable name WP
# 

Lead 
beneficiary 

Disseminatio
n level 

Due delivery date 
from Annex I 

Status Actual 
delivery date 

Comments 

D8.4 End-user workshop 8 ARTTIC PU M24 31/08/2021 Started   Rescheduled 
to M27 

D8.5 sCO2-4-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 and the status of mitigation plans are regularly monitored. 

Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

1 Problems with the system code 
CATHARE as a new version of the 
code will be used in the project so 
that code cannot be successfully 
validated and used within the scope 
of the project 

WP1, 
WP2, 
WP5 

ATHLET will be used to provide 
necessary results for the sCO2-
4-NPP system. If problems are 
identified early in the project, 
code developers and the 
CATHARE community will be 
contacted for support. As a last 
resort, support for the new 
version will be subcontracted. 

 1  Yes No  The CATHARE3 library 
ŘŜŘƛŎŀǘŜŘ ǘƻ άǊŜŀƭ Ǝŀǎέ 
turbomachinery model is 
private and not accessible for 
ƴƻǿΦ ¢ƘŜ άǇŜǊŦŜŎǘ Ǝŀǎέ 
turbomachinery model will 
then be used instead in the 
CATHARE3 simulations 

2 Elimination of auxiliaries of sCO2-
HeRo turbomachine is not successful 

WP4 Change the strategy/concept of 
accept auxiliaries. The 
acceptance of auxiliaries will 

 1  No  No The turbomachinery with 
magnetic bearings is part of the 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

most likely require batteries as 
initial source of energy. 

tests in task 4.1 that we are 
about to start in Feb. 2021 

3 Current regulatory requirements are 
not sufficiently developed for 
consideration in system and 
component design 

WP3 Early involvement of regulatory 
bodies and the project advisors 
who are regulatory experts, as 
well as NPP operators (project 
partners and end user group 
members). 

 1  Yes  No On track: WP3 meeting 
(remotely) with external 
advisors has been held on 
18 March 2020 (during 
Consortium meeting 17-18 
March 2020). 

4 Delays in experimental results due to 
malfunctioning of heat exchangers 

WP1 Use best engineering estimates 
until equipment is available. 
Reallocation of project funds to 
cover potential repair costs. 

 1  No  No   

5 Delays in experimental results due to 
malfunctioning of existing 
turbomachinery 

WP1, 
WP4 

The damaged parts of the 
turbomachine will be replaced 
by spare parts, which are 
available for the rotor and the 
bearings. In case of repeated 
malfunction of the 
turbomachine the new design 
can be used as additional 
mitigation measure which 
would cause a delay in D1.1. 

 1 Yes, 
turbomach
ine 
exchanged. 
D1.1 not 
delayed 

Yes, 
increased 
leakage on 
compressor 
seal 

Seal was damaged due to 
foreign object. The seal was 
replaced and tests continued. 

6 Fast running model code not stable 
for running in KONVOI PWR simulator 
environment 

WP5, 
WP6 

Early involvement of KSG in 
specifying the needs for real 
time modelling and interface 

 1  Yes No  Proof of concept for data 
exchange was done 
successfully ahead of schedule. 

7 Main results do not reach the main 
stakeholders of the project which 
would be an obstacle for further 
development and market 
introduction of the system 

WP7, 
WP8 

Set up a detailed plan for 
dissemination and preparation 
of exploitation of results with 
concrete actions for reaching 

 1  Yes No  On track but still relevant: D8.1 
Dissemination Plan issued with 
concrete actions for reaching 
target audiences. Success 
criteria and schedule 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

target audiences. Review it 
regularly. 

monitored regularly in EB 
meetings. Participation to 
scientific and industry 
conferences delayed due to 
coronavirus.  

Unforeseen risks 

8 Delays in experimental results will 
delay validation -> scaled-up 
simulations not based on (fully) 
validated codes.  

WP1 Use only partly validated codes 
for WP2; Improve in WP5.  

 1  Yes  Yes Compressor measurements 
delayed (see risk No. 5) and 
high complexity of simulations 
required to reduce complexity 
for benchmark test case. Up to 
date approach from literature 
is used together with 
conservative assumptions as 
far as possible in respective 
codes.  

9 Safety bearing failure during tests 
with magnetic bearings 

WP4 An additional set of safety 
bearings is supplied by the 
vendor. Additional set is 
available.  

 1 No No The safety bearing is the back-
up of the magnetic bearing. In 
case of e.g. an overload of the 
magnetic bearing the safety 
bearing prevents damage to 
the shaft. Otherwise, the 
bearings will not be used. Due 
to the application of sCO2 at 
the bearings the risk of such a 
touch-down and the wear of 
the safety bearing may 
increase. 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

10 Delay of manufacturing/assembly of 
improved turbomachine for task 4.1  

WP4 Time for test in the HeRo cycle 
can be shortened.   

 1 Yes but 
neverthele
ss delays 
are 
expected. 

Yes Reason: Closure of mechanical 
workshop at UDE from March 
to May 2020 due to 
Coronavirus. Manufacturing of 
parts outside UDE workshop is 
not possible due to limited 
budget. Further, delivery of 
parts of external suppliers for 
gas bearing test is delayed. 

11 Gas bearing tests require more CO2 as 
anticipated. Gas bearing test cannot 
be supplied by a tank of CO2. 

WP4 Gas bearing tests will be carried 
out at USTUTT in SCARLETT 
facility 

 1 Yes  Yes If magnetic bearings are 
unsuitable (not working in sCO2 
or not allowed due to 
regulations), hydrostatic gas 
bearings will be applied for the 
design in task 4.2 as bearings in 
general have not been 
operated in sCO2. Operation 
has to be tested/validated.   

12 More tests in the HeRo cycle are 
required as anticipated.  

WP1 Continue testing after end of 
May 2020. 

 1  Yes  Yes Additional tests were carried 
out in June and July 2020 to be 
able to use measurements for 
validation. 

13 Reduced testing time for improved 
turbomachine (task 4.1) 

WP4 Reduce amount of tests or 
extend task 4.1 and reschedule 
D4.1 to May 2021 

 1  Yes  Yes Commissioning of 
turbomachine might be 
delayed (risk - ID 10). Further, 
classes at the glass model at 
GfS are currently not possible 
due to Coronavirus and this 
provides more testing time. 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

14 Optimization recommendations for 
turbomachine will be missed in 
deliverable 4.2 due to delays in task 
4.1 

WP4 The due date of deliverable 4.2 
could be shifted to the end of 
June 2021, to guarantee the 
expected completeness of the 
report. 

1 Yes Yes Since deliverable 4.1 is an input 
of task 4.2, several 
recommendations regarding 
the turbomachine from 
deliverable 4.1 must be 
considered in task 4.2, e.g. the 
conclusions obtained from the 
tests of the magnetic bearings 
and whether magnetic 
bearings or hydrostatic gas 
bearings should be applied in 
task 4.2. 

15 Significant change in thermodynamic 
conditions of the cycle design will 
impact the design of the 
turbomachine 

WP2, 
WP4 

The designs should be fixed 
before D2.2 by running the 
simulations in ATHLET, 
CATHARE or Modelica with 
current design parameters. 

1 Yes No The tests in simulation codes 
can point out whether the 
current cycle design and the 
corresponding turbomachine 
design are appropriate for the 
requirements of sCO2-4-NPP. 
These tests should be 
performed first to ensure the 
designs and to avoid a big 
change of the designs in the 
future. 

16 Cold start-up of the turbomachine 
(e.g. at ambient of -46°C) could fail 

WP4, 
WP5 

Operation strategies like a 
constant inlet temperature 
(e.g. 55°C) of the compressor or 
warm-up of the compressor 
inlet should be considered. 

2 No No Since the coldest temperature 
is mentioned as -46°C in Czech, 
the start-up process of the 
turbomachine could be a 
difficulty. The start-up strategy 
of the turbomachine should be 
developed and tested in the 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

simulation codes (ATHLET, 
CATHARE or Modelica). 

17 Difficulties to complete architecture 
design due to new internal rules on 
the use of plans/visualization of EPR-
type reactor designs at EDF 

WP5 Step-by-step process:  
- Architecture of the sCO2 

module while waiting for 
the necessary 
authorizations 

- Anticipated exchanges 
with the units responsible 
for new designs 

1 Yes No  

18 Delays of modelling of CO2 loop 
scaled-up components and their 
testing in Dymola 

WP2 Strengthening the work team 
and increasing the allocated 
man-hours 

1 Yes Yes CVR - run of test case model 
with NRI ATHLET was 
performed successfully. This 
task was done earlier than was 
planned so the more men-
hours for scaled-up model is 
available. 

19 CVR can't perform suitable approach 
to achieve real-time running of the 
model on its own without the help of 
an external supplier. 

WP6 Continuing of cooperation with 
a proven subcontractor (XRG). 
The need to increase CVR 
budget line for subcontracting 
and the need of partial 
reallocation of project funds is 
likely. 

2 No No Preliminarily, there are three 
approaches to develop a real-
time model  
a) simplification of the original 
model 
b) parallelization of the 
computational task 
c) solution in frequency domain  
An evaluation is currently 
underway which approach will 
lead to the goal and whether 
the CVR can implement it on its 
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Risk 
N° 

Description WP Risk mitigation measures Reporting 
Period 

Mitigation 
measures 
applied? 

Risk 
materialized
? 

Comments 

own without the help of an 
external supplier in time. 

20 Dymola-Model is not running in real-
time 

WP6 Transfer of real-time model 
development to KSG (KSG to 
Develop real-time model with 
KSG-Tools) 

2 No No Likelihood of the risk occurring 
depends on mitigation plan 
application of the above WP6 
risk. It could be close to zero or 
3 in case of risk #19, risk 
mitigation will not be applied. 
(KSG: This will add significant 
effort to KSG) 

21 Coupling of Dymola-Model to Konvoi-
NPP Simulator not possible 

WP6 Develop realtime model with 
KSG-Tools; Start coupling test 
early. 

2 No No Coupling of Dymola-Model has 
been tested successfully with a 
test case model delivered by 
CVR. 
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3.2 Explanation of the work carried out per WP 

3.2.1 WP1 Collection of data and validation of the thermal hydraulic system codes [Months: 1-9] 

Leader: UDE 

3.2.1.1 Progress towards objectives  

WP Objectives  Achieved (Yes/No and comment) 

To test the sCO2-HeRo system in the glass model 

at GfS to generate data on the performance and to 

validate the safety codes CATHARE and ATHLET. 

Yes. D1.1 and D1.2 submitted. 

Measurements in HeRo cycle in task 1.1 show 

operability of the loop and behaviour of components. 

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 helps to understand the behaviour 

of sCO2 cycles in general and the sCO2-HeRo cycle in particular. The design of the heat removal cycle for the 

NPP profits from these experiments. The validation of codes (ATHLET, CATHARE and MODELICA) against these 

measurements is used to understand challenges in modelling a sCO2 cycle. Furthermore, the confidence level 

of the simulation results is gradually increased. Thus, simulation of the sCO2 heat removal cycle for the NPP 

will deliver realistic results and bring the system to TRL5. 

3.2.1.3 Problems met and actions taken (if any) 

Deviation / Explanation 
Impact on other 

WPs 

Impact on 

resources  

Impact on 

schedule 

Additional tests were carried out in June 

and July 2020 with Turbomachine from 

sCO2-HeRo project to provide more 

measurements for validation of 

compressor design tools 

Additional data 

was used for 

validation of 

design tools in 

WP4. No delay 

for other WPs. 

Tests could not be 

done before M9 

because of closure 

due to COVID19 

from March to 

May 2020.  

Additional tests 

were carried out 

after WP1 was 

concluded (in M10 

and M11). 

3.2.1.4 Details for each task 

Task 1.1 Testing and generating data on performance of sCO2-HeRo system (M1-M3) [UDE, GfS, KSG]. 

Task leader: UDE 

Task started in September 2019 and ended with D1.1, which was delivered on time, in November 2019. Some 

additional tests continued until March 2020, which is in line with the Description of Action that specifies that 

some test cases may be re-run if required. 

The target of this task is to provide partners of task 1.2 with sufficient data to validate their thermohydraulic 

codes (ATHLET, CATHARE and MODELICA) for cycle simulation. Several tests were conducted 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:  

¶ Run tests and provide measurements starting with test cases of low complexity. Then, increasing the 

number of involved components continuously increases complexity. 

Therefore, first tests exclude the turbomachine and focus on circulation with the piston pump over ultimate 

heat sink (UHS) only and then over the whole cycle with the compact heat exchanger and slave electrical 

heater (SEH). It was agreed to continue with turbomachine tests only after these were successfully completed. 

To provide partners of task 1.2 with the means to carry out their validation, several files were shared providing 

the specifications 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 (results are available on the project intranet) provide data regarding:  

¶ Filling and start-up procedures 

¶ Impact on component positions on cycle operation 

¶ Pressure losses in pipes and components 

¶ Heat transfer in compact heat exchanger (CHX), slave electrical heater (SEH) and ultimate heat sink 

(UHS) in stationary and transient experiments 

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

¶ Flow behavior and its impact on cycle operation (e.g. pressure level) 

Due to challenging cycle behavior which required additional time for initial tests (filling, start-up from 

subcritical to supercritical conditions) and an increased leakage on the compressor side of the turbomachine 

caused by a damaged seal (in turn caused by foreign objects) some tests are not reported in D1.1 and were 

not conducted until the end of WP1. The main reason is that mandatory tests for code validation (as agreed 

with partners of T1.2) were given priority over the analysis of the increased leakage. Later, the Corona 

outbreak did not allow partners to re-run tests with reduced leakage as testing in the last 2.5 months of WP1 

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 by an unfavorable combination of pressure 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 issue will 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 pressure on the back side of the 

labyrinth seals at the hub of both compressor and turbine impeller. In any case, there 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 understanding of sCO2 cycle behavior and 

provided the required data for task 1.2. Therefore, it is considered to be successfully completed.  

 

Partner contributions:  

GfS:  

¶ Elaboration of test plan 

¶ Support in operation 

¶ Evaluation of measurement data 
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¶ Preparation of D1.1 

KSG:  

¶ Elaboration of test plan 

¶ Providing sCO2-HeRo cycle facility and consumables 

¶ Operation of sCO2-HeRo cycle for generation of measurement data 

UDE:  

¶ Elaboration of test plan 

¶ Operation of turbomachine in sCO2-HeRo cycle for generation of measurement data 

¶ Evaluation of measurement data 

¶ Preparation of D1.1 

 

Task 1.2 Validating/improving safety codes (M2-M9) [USTUTT, EDF, CVR, GfS, UDE] 

Task leader: USTUTT 

The task started in October 2019 and ended with submission of Deliverable D1.2 on schedule in May 2020. 

The target of task 1.2 is the validation of the codes (ATHLET, CATHARE and MODELICA) with the measurements 

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 implementation 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 for sCO2 very different 

(see deliverable D1.2). The latter results in fundamental difficulties to implement the turbomachine, in 

particular. Therefore, it was decided to benchmark the codes on a circulation test with the piston pump only. 

The piping and instrumentation diagram for the benchmark is shown in Figure 1. The bold line shows the flow 

path for the benchmark (Valve TK02 S105 is closed). Thus, the CO2 flows from the piston pump to the UHS, the 

CHX (no heat transfer in the CHX), the SEH and back to the inlet of the piston pump. During task 1.2, partners 

implemented the following components in their models visible in Figure 1 to do the benchmark (behavior of 

the sCO2 loop in simulation for each code): 

¶ Pipes 

¶ Valves 

¶ Piston pump 

¶ Slave electrical heater (SEH) 

¶ Ultimate heat sink (UHS) 

For now, only the calibration of experimental data with CATHARE has been performed for the steady state. 

The simulation 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 sCO2 loop. Significant work has to be 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 issues are numerous for this 

recent application with supercritical CO2. 

The benchmark cycle has been modelled and simulated successfully with the help of ClaRaPlus MODELICA 

library within the Dymola environment. General agreement between simulation and measurement is 

observed, but also several shortcomings (e.g., valve modelling, UHS heat transfer coefficient at air side 



sCO2-4-NPP_D9.3_Interim Technical Review_R1.0  PU - Public 

sCO2-4-NPP °- 847606  Page 22 of 78 

modelling, air mass flow rate calculation) were identified. Elimination of these shortcomings and continuation 

in modelling of the other still missing 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 most of them 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 oscillations in the cycle or to special heat 

transfer effects close to the critical point. In the future, the modelling and validation efforts must be continued, 

especially to improve the recently developed turbomachinery and compact heat exchanger models. 

By the validation of the simulations presented in deliverable D1.2, the implementation of supercritical CO2 in 

the codes ATHLET, CATHARE and MODELICA moved a big step ahead. Therefore, the confidence level for 

designing and simulating the heat removal cycle for the nuclear power plant is gradually increased and the 

goals of deliverable D1.2 are attained. 

 
Figure 1: Piping and instrumentation diagram for the benchmark test 

Preparations for implementation and validation of the other components were also done for: 

¶ Turbomachine 

¶ Compact heat exchanger (CHX, ATHLET only) 

The validation of the latter will be done simultaneously with their implementation in the cycle in WP2. 

Partner contributions:  

CVR: 

¶ Create model of HeRo cycle in MODELICA 

¶ Validate model against measurements from HeRo cycle 

UHS 

Piston pump 
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¶ Preparation of D1.2 (MODELICA) 

EDF: 

¶ Create model of HeRo cycle in MODELICA 

¶ Validate model against measurements from HeRo cycle 

¶ Preparation of D1.2 (CATHARE) 

GfS: 

¶ Evaluation of measurement data 

¶ Support in questions regarding HeRo cycle behavior for code validation 

¶ Preparation of D1.2 (Cycle behavior and measurement corrections) 

UDE: 

¶ Support in questions regarding HeRo cycle behavior for code validation 

¶ Preparation of D1.2 (HeRo cycle description) 

USTUTT: 

¶ Create model of HeRo cycle in ATHLET 

¶ Validate model against measurements from HeRo cycle 

¶ Preparation of D1.2 (ATHLET) 

 

Workpackage 1 is finished.  

 

3.2.2 WP2 Initial and boundary conditions of sCO2-4-NPP integrated in an NPP [Months: 3-18] 

Leader: USTUTT 

3.2.2.1 Progress towards objectives  

WP Objectives  Achieved (Yes/No and comment) 

Definition of accident scenarios Yes, D2.1 submitted 

Simulation of sCO2-4-NPP loop in a real NPP using 

scaled-up component models 
No, in progress 

Definition of technical specification of sCO2-4-NPP No, in progress 

3.2.2.2 Exploitable results 

The definition and documentation (D2.1) of the accident scenarios for three different types of pressurized 

water reactors (EPR, VVER1000, KONVOI) provide important boundary conditions and guidance for the design 

and scaling of the plant-scale sCO2 loops. 

Further, the description of the accident progression (supported by simulation results) under the basic SBO 

scenarios (without sCO2 loops), which develop into severe accidents with core melting in the time range of a 

few hours, is an important reference to assess and highlight the benefits of retrofitting a sCO2 loop. 
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3.2.2.3 Problems met and actions taken (if any) 

Deviation / Explanation 
Impact on other 

WPs 

Impact on 

resources  

Impact on 

schedule 

Simulation of sCO2-4-NPP loop using scaled 

up component models delayed due to 

a) The COVID situation 

b)  The necessity to shift part of the 

work foreseen later in WP5 to 

WP2, specifically the 

thermodynamic design, in order to 

provide in time (i) the cornerstones 

for the design of components in 

WP4 and (ii) the basis and frame 

for developing and implementing 

scaled-up models in the codes in 

WP2. 

Impact on WPs 4 

and 5 was 

minimized by 

providing the 

thermodynamic 

design 

No impact MS3, MS4 and 

D2.2 rescheduled 

to 31 May 2021 

3.2.2.4 Details for each task 

Task 2.1 Definition of initial- and boundary conditions for an SBO accident (M3-M9) [EDF, GfS, KSG, JSI, 

USTUTT, CVR, NRI] 

The task started in September 2019 and ended with deliverable D2.1, which was delivered on time in February 

2020.  

In the task, the initial and boundary conditions of Station Blackout (SBO) scenarios for three important types 

of Pressurized Water Reactors (PWR) present in the European fleet of nuclear reactors, namely EPR, KONVOI 

and VVER 1000, were defined and documented. An important point was to discuss the accident scenarios not 

only from the perspective of code simulations, but also from an operatorΩs point of view. The three reactor 

types under consideration naturally differ not only clearly by design, but also by accident management 

procedures. Nevertheless, the scenarios could be made convergent through the major common assumption 

that all electrically powered active systems are not available. Emphasis was on the clear specification of the 

assumptions and boundary conditions for SBO scenarios in the different reactors, including the steady state 

under normal operation conditions as initial condition for the accident transient.  

In D2.1, a short presentation of the codes to be used for the reactor simulations (CATHARE, ATHLET, 

ATHLET/DYMOLA) was also provided, together with the plant model (nodalization, etc.). The accident 

sequences have been described in terms of sequence and timing of major events. In spite of the technical 

differences between the considered plant types, the sequences show common trends due to the fact that the 

residual power has to be removed through bleeding of the steam generators (SGs).  

 

Partner contributions:  

CVR:  

¶ Scenario of a SBO for a VVER1000 PWR 

¶ Description of ATHLET input model 
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¶ Simulation results of SBO accident 

¶ Contribution to D2.1 

EDF:  

¶ Scenario of a SBO for a EPR PWR 

¶ Description of CATHARE input model 

¶ Preparation of D2.1 

GfS:  

¶ Scenario of a SBO for a Konvoi/pre-Konvoi PWR ǳƴŘŜǊ ŀƴ ƻǇŜǊŀǘƻǊΩǎ ǾƛŜǿ 

¶ Contribution to D2.1 

USTUTT:  

¶ Scenario of a SBO for a EPR PWR 

¶ Description of ATHLET input model 

¶ Simulation results of SBO accident 

¶ Contribution to D2.1 

 

Task 2.2 Simulation of sCO2-4-NPP loop in a real NPP using scaled-up component models (M10-M18) 

[USTUTT, EDF, CVR] 

An important first achievement in WP2 was the definition of the basic thermodynamic design of the sCO2 heat 

removal system. Although this task was initially not foreseen 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 (ii) the basis 

and frame for developing and implementing scaled-up models in the codes in WP2. The rationale behind the 

chosen design and its major parameters are as follows. The sCO2 heat removal system is designed for the 

highest power input and the highest ambient temperature because this is the design point of the heat 

exchangers and the highest ambient temperature is the worst-case condition from a thermodynamic point of 

view. Some conditions in the CO2 loop can be determined directly from the assumptions, which have been 

developed within this project and will be improved continuously. The remaining conditions in the CO2 loop are 

determined through optimization, aiming for the highest excess power Ўὖ, which is defined as the turbine 

power reduced by the power consumption of the compressor and the fan. The excess power is maximized 

because it will decrease with decreasing thermal power input and the system should be able to operate self-

propelling as long as possible. The design procedure yields an excess power of 283 kW at a relatively high 

compressor inlet pressure of 126.3 bar. The high operating 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 thermodynamic layout, simulations were carried out where the sCO2 heat 

removal system was modelled in stand-alone mode in order to explore the performance in working range and 

possible limits. Figure 2 shows exemplarily for the CATHARE code a visualisation of the nodalisation used in 

the stand-alone simulation of the sCO2 heat removal system. Here, the reactor loops are not simulated and 

replaced by a boundary condition representing the steam flow (coming from the steam generators) through 

the primary side of the CHX. The modelling of the scaled-up turbine and compressor has been designed, tested 

and implemented in CATHARE3. The modelling of CHX and UHS heat exchangers is still simplified for now but 

the development of accurate modelling is in progress. For the modelling with ATHLET and DYMOLA similar 

representations of the sCO2 heat removal system are applied.  
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Figure 2: Visualisation of the nodalisation used in stand-alone simulations of the sCO2 system with CATHARE3 

The stand-alone simulations of the sCO2 system indicated that the design compressor inlet temperature should 

be kept constant during operation by controlling the fan speed of the UHS. This control method can be used 

almost for the whole range of ambient temperatures. At very low ambient temperatures combined with low 

CO2 mass flow rates, an UHS bypass may be required for the control of the compressor inlet temperature. 

Different heat fluxes from the steam-side can be handled by controlling the shaft speed of the turbomachinery. 

The shaft speed n should be decreased with decreasing thermal power input QCHX in order to keep the system 

self-propelling, as can be observed from Figure 3. 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 method successfully balances the heat removal by the CO2 systems and the heat 

production by the decay heat.  

 
Figure 3: Excess power output of the cycle at ╣  °C and ╣╪░►ȟ░▪  °C with type 2 turbomachinery 



sCO2-4-NPP_D9.3_Interim Technical Review_R1.0  PU - Public 

sCO2-4-NPP °- 847606  Page 27 of 78 

Further working modes like reduced heat fluxes from the steam side and ambient air temperatures lower than 

45° C were also tested, as well as alternative methods to control the sCO2 system by means of the UHS fan 

speed or by means of partly bypassing the UHS or CHX on the CO2 side, respectively. 

After having verified by means of the stand-alone simulations of the sCO2 system that the chosen 

thermodynamic design is feasible and provides a sufficiently large working range which can be adapted to the 

requirements of different reactors (by selection of a 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 blackout (SB) scenarios (without sCO2 heat removal 

system) for the three (generic) plant types under consideration (EPR, VVER-1000 and Konvoi) were 

consolidated and documented to serve as a basis for comparison and for evaluation of the benefits of the sCO2 

heat removal system. Concerning simulations for the EPR, the existing dataset of the reference SBO sequence 

(without sCO2 system) was successfully translated from the CATHARE2 to the CATHARE3 version. This will allow 

to use the most up-to-date code version and models of CATHARE also for the coupled simulations. Figure 4 

shows a visualisation of the reactor vessel of the EPR modelled in CATHARE 3. The ATHLET models used for 

the simulations of the VVER-1000 and Konvoi reactors were also reviewed and revised in order to comply with 

the code version to be used for the coupled simulations.  

 
Figure 4: 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 partners, this involved different steps and efforts.  

Concerning simulations with scaled-up components of the sCO2-4-NPP loop attached to a VVER 1000 reactor, 

the overall model is based on coupling of DYMOLA (sCO2 part) and ATHLET (steam/water part) models. The 

scaled-up model of the sCO2 loop was developed and tested. In parallel, the ATHLET model of the VVER 1000 

system supplemented with the CHX water/steam side was also prepared. The intermediate modelling system 
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based on the TISC tool ensuring coupling between the two models was 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 with scaled-up components of the sCO2-4-NPP loop attached to an EPR reactor, the 

sCO2 system and the reactor components (vessel, primary and secondary loops, etc.) are fully integrated in 

the modelling within CATHARE3. Thus, no special numerical procedures have to be developed and coupled 

simulations are not an issue. Respective simulations are ongoing and will focus on investigating the general 

performance and suitable control strategies. 

For the coupled simulations of the sCO2 heat removal system attached to a Konvoi reactor with the ATHLET 

code, the reactor model has been extended to enable the separate and independent simulation of all four 

primary (and secondary) loops. This allows to capture correctly non-symmetrical effects resulting from 

switching off some of the sCO2 units in order to adapt to the decreasing decay power. Extensive analyses have 

already been carried out, addressing several aspects of operation and control of the sCO2 heat removal system.  

In the reactor simulations two different decay heat curves resulting from a different operation history (low vs. 

high burnup and short vs. long operation period) were analysed. The first case, which considers high burnup 

(end of cycle) plus a margin due to uncertainties in order to provide a conservative estimate, is used to 

determine the number of sCO2 units required to safely remove the decay power. The results of ATHLET 

simulations of a KONVOI PWR indicate that at least three units are required to cool the reactor over a long 

period of time. This can be observed from Figure 5 where the calculated temperatures Ὕ  at the hot leg 

nozzles of the reactor pressure vessel are compared for different numbers of sCO2 units. This temperature may 

be used as a first indicator to analyse if the cooling of the core can be guaranteed. For reference, also the case 

without sCO2 system (0) is included. With less than three 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 prevented, however, the core is almost uncovered. Thus, at least four units of the heat removal system 

should be installed to be on the safe side.  

 
Figure 5: Calculated temperatures ╣▬►░□ at the hot leg nozzles of the reactor pressure vessel after the start of the accident for 

different numbers of sCO2-loops simulated with ATHLET for a KONVOI PWR 

In a second case with a lower burnup and an operation period of just one day before the accident, the decay 

heat curve is decreasing faster than in the first case and represents a conservatively low decay heat. This case 

is used to investigate the long-term operation of the heat removal system. Due to the faster decrease of the 

decay heat, this case is more challenging concerning controlling the sCO2 system in a manner which guarantees 
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long term operation with generation of excess electricity. The strategy with control of the shaft speed of the 

turbo-compressor and sequential shut-down of single units derived from the standalone simulations was 

applied and tested. Operability of the sCO2 system with successful removal of decay power for more than 72 

hours has been successfully demonstrated. 

The deliverable D2.2 is under preparation and will document further results of the simulations for the different 

reactor types with the up-scaled sCO2 system in more details. 

 

Partner contributions: 

EDF: 

¶ Conversion from CATHARE2 to CATHARE3 version of existing dataset of reference SBO sequence 

(without sCO2 system) in EPR done 

¶ Simulations of reference SBO sequence (without sCO2 system) in EPR carried out, evaluated and 

documented 

¶ Modelling of scaled-up components of the sCO2-system in CATAHRE3 in progress.  

o The modeling of the scaled-up turbine and compressor has been designed, tested and 

implemented in CATHARE3 

o The modeling of CHX and UHS heat exchangers is simplified for now, but the development of 

accurate modeling is in progress 

o Discussions with the team from Fives Cryo dedicated to the design of the heat exchangers 

have been performed 

¶ Stand-alone simulations (NPP side replaced by simplified boundary conditions) of sCO2 system with 

simplified CHX and UHS heat exchangers carried out and checked concerning functionality and 

plausibility 

¶ The sCO2 system and the SBO sequence in EPR are both modelled with CATHARE3, so coupled 

simulations are not an issue 

NRI:  

¶ Scaled ς up model of the sCO2 loop prepared in Dymola (Dymola scaled ς up model) 

¶ Dymola scaled-up model tested in stand-alone simulation mode (without ATHLET) with the help of 

simplified boundary conditions on the water side of the CHX 

o Working mode with the ambient air temperature +45°C successfully tested 

o Other working modes (low heat input and low ambient air temperature) tested 

¶ Different control strategies (UHS fan speed, CHX bypassing on the CO2 side, UHS bypassing on the CO2 

side) tested 

¶ Initial realistic state for the VVER-1000 NPP tuned and SBO accident calculated (until the cladding 

temperature exceeds 1200 ° C (3.5 h)), analyzed and documented 

¶ Coupling of Dymola and ATHLET successfully tested with the help of simple 2 pipes heat transfer model 

(coupling performed with the help of TISC software and Linux wrappers) 

¶ Works in progress regarding the ATHLET VVER 1000 and Dymola scaled-up model coupling 

USTUTT:  

¶ Update of existing input decks for plant calculations to new ATHLET version 

¶ Base case scenario (without sCO2 loop): Revision of input deck and repetition of simulations with new 

ATHLET version 

¶ Thermodynamic layout of plant scale loop finalized (also discussed with WP 4 & 5) 
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¶ Simulation of reference SBO sequence (without sCO2 system) carried out, evaluated and documented 

¶ Modelling of scaled-up components of the sCO2-system designed, implemented and tested in ATHLET 

¶ Stand-alone simulations (NPP side replaced by simplified boundary conditions) of sCO2 system carried 

out and checked concerning functionality and plausibility 

¶ Functionality of coupled simulations (using simplified/mock-up models, where appropriate) tested 

and verified 

¶ Input deck for plant simulation of SBO sequence including sCO2 system available, checked and 

executable 

¶ Simulations of SBO scenario including sCO2 system in progress (with and without control strategy) 

¶ Two publications for the 4th European sCO2 Conference (see chapter 3.2.8.2) 

3.2.3 WP3 [ƛŎŜƴǎƛƴƎ ǊŜǉǳƛǊŜƳŜƴǘǎ άŦƻǊ ǊŜƭŜǾŀƴǘ ŜƴǾƛǊƻƴƳŜƴǘέ [Months: 1-36] 

Leader: JSI 

3.2.3.1 Progress towards objectives  

WP Objectives  Achieved (Yes/No and comment) 

Setup of requirements for system components and 

functionality (Task 3.1) 
Yes 

Setup of requirements and criteria of 

modifications on the reference plant after 

integration of the heat recovery system (Task 3.2) 

Yes 

Design bases and safety analyses requirements for 

system and components (Task 3.3) 
Yes 

Setup of requirements for testing and operation 

(Task 3.4) 
No, in progress 

Independent review of the proposed sCO2-4-NPP 

system considering the international experience in 

licensing of similar systems (Task 3.5) 

No, starts at M19 

3.2.3.2 Exploitable results 

In the D3.1, the nuclear regulatory elements to be considered in the design of components and system for 

passive decay heat removal, called sCO2-4-NPP, have been identified. The design of components within the 

framework of nuclear licensing is an important step to enable the adoption of sCO2-4-NPP by nuclear 

authorities and nuclear power plant (NPP) operators. The detailed design of the sCO2-4-NPP components 

(turbomachinery, heat exchangers and auxiliary systems) will therefore be specified taking into account 

regulatory requirements provided in D3.1. Outputs of Task 3.1 are to be used in Task 4.2 for a conceptual 

design of a turbomachine, in Task 4.4 for proposing the best optimised design solutions for the heat sink 

exchanger and in Task 4.5 for performing a complete mechanical study in order to improve the mechanical 

integrity of the heat recovery exchanger. 



sCO2-4-NPP_D9.3_Interim Technical Review_R1.0  PU - Public 

sCO2-4-NPP °- 847606  Page 31 of 78 

Besides their use within the sCO2-4-NPP project, the results will also be exploited by nuclear power plant 

designers, operators and regulators, in particular, for performing safety assessments of 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 necessary foundations for 

understanding the regulations for safety systems, innovations, and modifications to nuclear power plants. 

Indeed, although nuclear safety is a common objective for all nuclear power plant operators, the regulations, 

and criteria to be met are set 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.  

D3.2 covers a few main aspects of nuclear safety, namely the nuclear regulatory 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 France cases. Many regulations regarding nuclear safety are similar in these countries as they are based 

on the same international rules (IAEA, WENRA, ICRP, etc.). This fact makes it easier for the sCO2-4-NPP system 

designers to make it possible to implement the system in more European countries. D3.2, that will be 

independently reviewed in Task 3.5, will be used as input to WP7 for defining a regulatory roadmap to reach 

TRL9.  

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

be followed for the construction and qualification of the sCO2 system and its components. Thus, criteria and 

rules relating to the materials of the components, parameters such as mechanical strength and the 

classification of the sCO2 system components in terms of safety were defined. The steps for the qualification 

of the system were addressed. Regulatory changes for the modification of power plants in the Czech Republic 

and France if the sCO2 system were to be integrated into existing power plants are also presented in the 

deliverable. 

D3.3 provides detailed requirements for the design and operation of the sCO2 system in Czech and French 

NPPs. The specific safety classification of the sCO2-4-NPP system in Czech and French legislation is presented. 

Requirements for the design basis of structures, systems and components (SSCs), such as functions to be 

performed, internal and external hazards, safety classification, reliability, environmental conditions for 

qualification monitoring and control, etc. are included. In general, it is much easier to clearly define the design 

basis for the SSCs in Czech Nuclear Power Plants than in French NPPs. Requirements for qualification (testing, 

qualification strategy, numerical qualification strategy and qualification quality requirements) of French NPPs 

and conformity assessment procedure for Czech NPPs have been also given. Finally, requirements for 

operation are specified (e.g. human factors, operating technical specifications, emergency plans). D3.3, that 

will be independently reviewed in Task 3.5, will also be used as input to WP7 for defining regulatory roadmap 

to reach TRL9. 

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 the regulatory elements to be considered in the design of components and system 

(M1-M9) [JSI] 

Task leader: JSI 
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The task started in September 2019 and ended with D3.1, which was delivered on time in May 2020. The 

starting point for identification of the nuclear regulatory elements was the setup of a hierarchy of regulatory 

requirements proposed to be used for the sCO2-4-NPP project. It consists of five levels of rules, where the first 

two levels are equivalent, consisting of European harmonized requirements for existing reactors and 

internationally established requirements for design of nuclear power plants. 

Level I high level requirements of Western European Nuclear Regulators Association (WENRA) and the Level II 

requirements for nuclear power plant design of International Atomic Energy Agency (IAEA) are equivalent 

levels (highest requirements like country legislation), with the difference that WENRA presented harmonized 

European requirements for existing reactors and are therefore at the top (the report 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.  

Level III documents deal with process- oriented documents (quality assurance, regulatory guides on design, 

modification, etc.). For quality assurance, a few standards satisfying specific nuclear requirements may be 

used, including the IAEA management system. For design processes, the IAEA or U.S. Nuclear Regulatory 

Commission (NRC) again provide acceptable guidance, if national regulatory guides of a selected European 

country are not available. For nuclear civil structures, the design guide of the Swedish Radiation Safety 

Authority is given. Finally, plant modification process guides are also described. 

Level IV presents documents, which are component-oriented for design and operation. For nuclear codes and 

standards for mechanical component design it was identified (based on literature) that although the French 

RCC-M and ASME Section III codes may contain different sets of requirements, they result in components of 

an equivalent level of quality. Similar conclusions could be drawn for the German KTA standard for the selected 

example. Nuclear codes and standards for civil structures and electrical equipment are also described. 

Finally, Level V deals with the codes and standards used for conventional facilities. It is expected that primarily 

Level IV nuclear component-oriented documents will be used for the design of sCO2-4-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 the existing safety 

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. 

 

Partner contributions:  

JSI: Preparation of D3.1 

 

Task 3.2 Requirements and criteria for reference plant modification on heat recovery system installation 

(M1-M14 [NRI, EDF] 

The task started in September2019 and ended with D3.2, which was delivered on time in October 2020. In this 

task, the requirements in Czech Republic and in France in order to approve nuclear power plant modification 

and installation of the heat recovery system have been described. The licensing requirements depend on the 

country regulations, design requirements and other factors that should be considered in the analysis. In 

parallel with T3.1 and T3.3, this task provides 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 case is based on the example of a VVER-1000 reactor and Temelín NPP. 

The French part uses the example of an EPR reactor. The nuclear regulatory framework in Czech Republic (see 
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Figure 6) and in France (see Figure 7) is described. The implementation of the international requirements has 

been presented as well as country specific legislation and hierarchy of the rules. The requirements in Czech 

Republic can be arranged into a 5-ƭŜǾŜƭ άǇȅǊŀƳƛŘέΣ which represents their hierarchy as shown in Figure 6. The 

first level contains the most important legal documents and the last one contains the normative and technical 

documentation. 

 
Figure 6: Hierarchy of nuclear regulations in Czech Republic 

As shown in Figure 7, the French nuclear regulations and law are characterized by many sources, as in other 

countries with nuclear energy capacities. The original features of this legislation derive chiefly from 

international recommendations or regulations. 

 
Figure 7: Levels of regulation in the local nuclear field in France (left) and French nuclear regulation process (right) 

Then, the description of a general approach to nuclear safety was elaborated. The most important aspects 

have been considered, such as the Defense in Depth concept, classification of NPP states, safety analysis and 

acceptance criteria. The concepts and rules are similar in Czech and French legislation and some links between 

the two parts are given, where appropriate. Next, the requirements and classification of NPP systems, 

structures, and components (SSCs) have been identified, with special emphasis on the place of the sCO2 system 
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in the classification. Finally, the process of NPP modification in Czech Republic and in France has been given. 

All main steps and requirements regarding the process are presented briefly: 

Á Categorization of changes according to their significance 

Á Responsibilities 

Á Implementation of modifications 

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

study) 

It was concluded that it will be highly beneficial to install an alternative system for the emergency residual 

heat removal in Czech NPPs. However, it would require the regulatory body (SÚJB) approval along with the 

careful preparation of design documentation, safety assessment, personnel training, etc. All these steps 

should be consistent with the 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 the sCO2 system 

will be installed is crucial. Indeed, the French legislative texts are not very prescriptive, so it is up to the 

operator to design a modification application that meets the level expected by the Autorité de sûreté nucléaire 

(ASN) and Institut de radioprotection et de sûreté nucléaire (IRSN). 

Partner contributions: 

NRI: 

¶ Introduction to nuclear industry in Czech Republic 

¶ Nuclear regulatory framework in Czech Republic 

¶ Safety general approach in Czech Republic 

¶ Requirements for the SSC in Czech Republic 

¶ Requirements for the plant modification in Czech Republic 

¶ Preparation of D3.2 

EDF:  

¶ Introduction to nuclear industry in France 

¶ Nuclear regulatory framework in France 

¶ Safety general approach in France 

¶ Requirements for the SSC in France 

¶ Requirements for the plant modification in France 

¶ Contribution to D3.2 

 

Task 3.3 Design bases and safety analyses for system and components (M6-M16) [NRI, EDF] 

The task started in February 2020 and ended with D3.3, which was delivered on time in December 2020. Within 

the framework of the sCO2-4-NPP project, the consortium has planned to establish a roadmap to inform and 

prepare the regulatory aspects related to the developed sCO2 system. For this purpose, a multi-stage process 

has been initiated. In D3.3 the regulatory requirements for the development of the sCO2 system, analyzing the 

expectations from the design phase to the operation phase (including the expectations for qualification by the 

relevant authorities) are presented in detail, both for Czech and French Nuclear Power Plants (NPP). 

The standards regarding the main functions of the sCO2-4-NPP system (decay heat removal and heat transfer 

to the ultimate heat sink) have been given based on the International Atomic Energy Agency (IAEA) documents. 

The RCC-M, AMSE and KTA standards have been also considered. After that, the specific safety classification 

of the sCO2-4-NPP system in Czech and French legislation has been presented. 
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The following requirements (according to the IAEA SSG-56) for the design basis of Systems, Structures and 

Components have been discussed (with overview and both Czech and French specific requirements): 

¶ Functions to be performed by the system (without country specific requirements) 

¶ Postulated initiating events that the system must cope with (without 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 acceptance 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 depth (without country specific requirements) 

¶ Safety classification 

¶ Environmental conditions for qualification 

¶ Monitoring and control capabilities 

¶ Materials 

It has been concluded that, in general, it is much easier to clearly define the design basis for the SSC in Czech 

Nuclear Power Plants (NPPs) than in French NPPs. Czech Republic is a smaller country with no seacoast and 

very similar meteorological conditions over the entire area. There are only two NPPs and one of them (Temelín 

NPP) was taken as the example for establishing the conditions for the sCO2 system. On the other hand, France 

is a much bigger country with varied meteorological and seismic conditions and the largest number of nuclear 

reactors in Europe. Therefore, the postulated loads and hazards differ depending on which site is considered. 

In most cases, the legislation and appropriate documents were described in the deliverable instead of specific 

values and parameters. 

The requirements for the qualification of the SSC have been given separately for Czech and French NPPs. It 

gives an idea about how to prove the systeƳΩǎ ŎƻƴŦƻǊƳƛǘȅ ǿƛǘƘ ǘƘŜ ǊŜǉǳƛǊŜƳŜƴǘǎ ƭƛǎǘŜŘ όǘŜǎǘǎΣ ǎŀŦŜǘȅ ŀƴŀƭȅǎƛǎ 

etc.). 

Finally, some of the most important requirements regarding the operation have been presented both for 

Czech and French NPPs. 

Partner contributions: 

NRI: 

¶ sCO2 system safety classification in Czech Republic 

¶ Requirements for design basis in Czech Republic 

¶ Requirements for qualification in Czech Republic 

¶ Requirements for operation in Czech Republic 

¶ Preparation of D3.3 

EDF:  

¶ sCO2 system safety classification in France 

¶ Requirements for design basis in France 

¶ Requirements for qualification in France 

¶ Requirements for operation in France 

¶ Contribution to D3.3 
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Task 3.4 Requirements for testing and operation (M10-M20) [NRI, EDF, CVR] 

The task started in June 2020 and is planned to end with D3.4 in April 2021. The D3.1 provides review 

ofpressure vessel codes and standards (both nuclear and conventional). In such standards, the requirements 

for testing and performance are also set. For example, ASME Operations and maintenance code of nuclear 

power plants establishes the requirements for preservice and in-service testing and examination of certain 

components to assess their operational readiness in the light-water reactor power plants. 

In order to guarantee an adequate level of reliability during reactor operation, the sCO2 system 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 the sCO2 system. In the D3.3, it 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 determine whether periodic testing or inspections will be required. 

High-level requirements have already been identified for Czech and French NPPs. The work is in progress. 

Partner contributions: 

NRI: 

¶ Identification of requirements for testing in Czech Republic 

EDF: 

¶ Identification of document Operating Technical Specifications with general requirements to define the 

equipment required in operation and the test programs. 

¶ Based on the results of D3.2, determination of which procedures related to the operation and periodic 

testing of the plant would be impacted by the installation of the sCO2 module. EDF is now in the 

process of determining, from the operating rules of the power plants, and from knowledge of the sCO2 

components and cycles, which could be the first rules to be applied. 

 

Task 3.5 Independent review of requirements (M19-M36) [JSI] 

N/A (Task 3.5 start is at M19 and depends on completion of D3.2, D3.3 and D3.4.) 

 

3.2.4 WP4 Conceptual design of components (turbomachinery and heat exchangers) [Months: 1-

36] 

Leader: FIVES CRYO 

3.2.4.1 Progress towards objectives  

WP Objectives  Achieved (Yes/No and comment) 

Scaling-up of component models from sCO2-HeRo 

to sCO2-4-NPP 
No, in progress 

Improvement of the sCO2-HeRo design regarding 

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

Conceptual design of turbomachinery for sCO2-4-

NPP loop 
No, in progress 

Conceptual design of heat exchangers for MW-

scale sCO2-4-NPP loop 
Yes. Design of DUHS and CHX achieved. 

Plan for qualification of heat exchangers and 

turbomachinery 
No, in progress 

3.2.4.2 Exploitable results 

Validation of applicability of bearing technology in sCO2 environment:  

Task 4.1 designs and tests a turbomachine with magnetic bearings in sCO2 and analyses the behaviour of 

hydrostatic gas bearings in sCO2 environment. Hardly any experimental results on both bearing technologies 

are currently available. The task proves applicability of these technologies in sCO2 environment so they may 

be applied in larger scale turbomachines.   

3.2.4.3 Problems met and actions taken (if any) 

Deviation / Explanation 
Impact on other 

WPs 

Impact on 

resources  
Impact on schedule 

Delays due to closure of mechanical 

workshops and delay in procurement of 

parts caused by Covid-19 situation 

None expected 

Three 

additional 

personnel 

months are 

required due 

to shift of 

deliverable 

D4.1 

Delays on 

turbomachinery 

manufacturing and gas 

bearing tests require 

shift of D4.1 by 3 

months to M21 and 

D4.2 by 2 months to 

M22 

Material test on gas bearing material and 

preparation for gas bearing tests in 

SCARLETT facility (USTUTT) 

No 

USTUTT is 

carrying out 

experiments 

in WP4 (not 

foreseen) 

No 

3.2.4.4 Details for each task 

Task 4.1 Validation of the design procedures by means of testing an improved sCO2-HeRo-scale 

turbomachine with technology, which correlates to those of the sCO2-4-NPP technology (M1-M18) [UDE, 

NP TEC, GfS, KSG] 

The task started in September 2019 and is expected to end with D4.1 in May 2021, a three-month 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 sCO2-HeRo cycle to validate bearing technology as an input for task 4.2. 

The status of task 4.1 is as follows: 
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¶ Design of magnetic bearings and turbomachine 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 turbomachine with magnetic bearings started in January 2021 and is planned to be 

completed by end of February 2021. 

¶ Possibilities for gas bearing tests have been checked with owners of sCO2 loops (CVR, KSG and 

USTUTT). Tests will be carried out in April 2021 at the SCARLETT facility at USTUTT. Pre-tests on gas 

bearing material for compatibility with sCO2 have been carried out in November 2020. 

The turbomachine is an enhanced version of the one from the sCO2-HeRo project. The improvement is 

basically related to the exchange of bearings from ball bearings to magnetic bearings (subcontracted to MECOS 

AG). This allows to discard the piston pump in the cycle whose main task is the reduction of pressure in the 

central housing of the turbomachine indicated in Figure 8Error! Reference source not found.. This is required 

because lubricants in the used ball bearings are dissolved by sCO2. Furthermore, the leakage over the seal on 

the hub of the compressor and turbine impeller is reduced by the higher backpressure of the seal. Figure 

8Error! Reference source not found. further shows the compressor, generator, and turbine from left to right. 

The axial magnetic bearing consists of a disc (brown) on the rotor and two electromagnets (yellow & light 

grey). The 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.  

 

Figure 8: Cross section of turbomachine design for task 4.1 

These parts may also be found on the right side of Figure 9. The latter shows two 3D-printed models of 

turbomachines at 1-to-1 scale, which are also used for dissemination. The left-hand side of Figure 9 presents 

the turbomachine employed for tests in WP1 and the right hand side shows the improved turbomachine with 

magnetic bearings. While the alternator (yellow) and the aerodynamic design of compressor (blue), turbine 

Compressor Turbine Central housing 

 

Compressor 

impeller 

Turbine 

impeller Generator Radial bearing Radial bearing 

Axial bearing 
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(red) and related stator parts such as the seals (green) remained unchanged, the bearings were exchanged for 

magnetic ones 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 several in- and 

outlets to the central housing, are not visible in Figure 8Error! Reference source not found. or Figure 9. They 

allow the balancing of axial thrust and conditioning of sCO2 in the cavities by adding sCO2 from the compressor 

outlet or extracting it from central housing. This allows varying the operational parameters of the magnetic 

bearings. Hence, it helps to gain a fundamental understanding of the operation of magnetic bearings in sCO2. 

The rotordynamics can be assessed experimentally by the possibility to control the sCO2 flow in the casing 

together with measurements of pressures and temperatures. This knowledge will help to validate the 

rotordynamic models and to develop the sCO2 technology further. Still, the current lack of knowledge poses a 

risk for operation of the turbomachine with magnetic bearings. Therefore, the mitigation of testing a second 

bearing option with sCO2 (gas bearings) is employed.  

 
Figure 9: 3D-printed 1-to-1 scale models of turbomachines developed in the sCO2-HeRo project (left) and its improved version 

from the sCO2-4-NPP project (right) for laboratory scale experiments 

The following figures give an impression of the work done in manufacturing, assembly and pre-test. Figure 10 

presents the completely assembled machine before commissioning. The foreground presents the piping with 

its valves and sensors to control sCO2 flow in the central housing. The machine itself is connected to the 

magnetic bearing controller with five cables for power supply and sensor signals. Figure 11 gives an insight 

showing a selection of parts. Most of these were manufactured in the workshop at University Duisburg-Essen, 

which was totally closed from March to May 2020 and half open since November 2020 causing a considerable 

delay in manufacturing, which requires rescheduling D4.1 by 3 months to M21. Figure 12 presents some of 

the pre-tests to validate the design and guarantee safety of the turbomachine. The pre-tests on design 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 is separated in several steps with the bottom right picture in Figure 12 presenting 

the first in air environment. In the first week of February, the turbomachine reached design speed of 50,000 

rpm with size of the orbit of rotation being less than 10 ˃ ƳΦ ¢Ƙƛǎ ǇǊƻǾŜŘ ǎǳǇŜǊƛƻǊ ōŀƭŀƴŎƛƴƎ ƻŦ ǘƘŜ ǊƻǘƻǊ ŀƴŘ, 

in general, operability of the turbomachine in a known environment. The turbomachine will now be integrated 

in the sCO2-HeRo cycle at GfS, Essen and commissioning will continue in the sCO2 environment, which is 

planned for end of February 2021. 
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Figure 10: Assembled turbomachine 

 

 
Figure 11: Parts of the turbomachine ς rotor with assembled impellers and generator without bearing parts (top), Labyrinth seals 

(middle), test assembly of internal stator parts (bottom left), assembled radial bearing (bottom right) 














































































