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EDITORIAL

The first paper is “Use of Supporting Software Tool for Decision-Ma-
king During Low-Probability Severe Accident Management at Nuclear
Power Plants”. The NARSIS project focused on enhancing the safety
assessment of nuclear power plants, including the management of low
probability accident scenarios. As part of this project, a software tool
called Severa was developed to support decision-making during severe
accidents and describe in this paper. Severa interprets and monitors key
physical measurements, assesses the state of critical barriers, predicts
accident progression without intervention, and provides a list of reco-
very strategies and courses of action. The tool evaluates the feasibility
and consequences of each action course, ranks them, and offers re-
commendations to the technical support center (TSC). The verification
and validation of Severa demonstrated its potential for accident ma-
nagement, although it is currently in a simplified state.

The second paper is “On Minimal Cut Sets Representation with Binary
Decision Diagrams”. Binary Decision Diagrams (BDDs) have gained si-
gnificant acceptance in various industrial applications since their intro-
duction as a representation of logical functions. This paper focuses on
summarizing the properties of BDD representations of Minimal Cut Sets
(MCS) in Fault Tree (FT) models commonly found in the nuclear energy
field. The paper highlights the algorithms used for conditional probability
evaluation and cut set selection on BDDs, which are crucial for unbiased
quantitative analysis and event importance determination. The com-
pactness of BDD representations is evaluated on real-life models from
the Nuclear Power Plant KrSko, demonstrating its effectiveness in imple-
menting dynamic analysis and facilitating software upgrades. The key
advantage of BDD-based analysis is its compact representation and the
ability to perform qualitative and quantitative analysis on complete MCS
sets, irrespective of the number of cut sets in the MCS set.

The third paper is “The progression of Guarantees of Origin trading in
Croatia amidst the European framework”. This article examines the de-
velopment and progress of Guarantees of Origin (GO) trading in Croatia,
with a focus on the regulatory framework established by the Republic of
Croatia. The responsibility for issuing GO for electricity and managing
the Registry of Guarantees of Origin lies with the Croatian Energy Market
Operator (HROTE). The article also discusses the background and de-
velopment of GO trading in Croatia, positioning the country as a leader
in the European context. A comparative analysis with the Guarantees of
Origin market in the United Kingdom is provided, considering the impact
of Brexit on GO markets. The article further explores the segregation
of GO auctions based on specific technologies and characteristics of
power plants, resulting in varying prices depending on the plant’s age or
installed capacity.

The fourth paper is “Corrosion Detection and Surface Repair with Coa-
tings on Condensate Storage Tanks Internal Surfaces”. The paper deals
with the Nuclear power plant Krsko. There are two single-hull conden-
sate storage tanks with floating diaphragms that hold up to 757 m3 of
demineralized water. These tanks play a crucial role in providing cooling
water for the reactor coolant system and are classified as safety class
3 components. During the 2018 outage, the tanks were emptied and
subjected to non-destructive examination (NDE) methods such as Ma-
gnetic Flux Leakage, Ultrasonic, and Vacuum Box inspections to identify
corrosion damage and leaks in the floor plates and adjacent welds. The
article discusses the NDE methods used, the process of internal surface
repair with coatings, and the qualification of coatings for safety-related
use. Extensive immersion tests were conducted to select the most sui-
table coating system.

The last paper is “Characterization of the GBC-32 Fuel Assembly Sour-
ce Terms”. The paper presents selected results of TRITON-NEWT and
TRITON depletion simulations of the OFA model in the framework of
GBC-32 cask benchmark. This first phase is addressing accurate sour-
ce terms characterization, since OFA model contains small modificati-
ons compared to the standard Westinghouse 17x17 FA model. Calcu-
lation of isotopic concentrations, decay heat, neutron-gamma spectra
and major actinides activity for different fuel assembly cooling periods
was performed using ORIGEN-ARP module. Besides quantification of
neutron-gamma source terms, during burnup and cooling time periods,
this methodology provides ability to generate cross-section database for
each depleted material as a function of burnup in ORIGEN-S format.

Igor Kuzle
Editor-in—Chief
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Use of Supporting Software Tool for Decision-Making
During Low-Probability Severe Accident Management
at Nuclear Power Plants

Luka Strubelj’, Klemen Debelak, Marko Bohanec, Adem Kikaj, Ivan Vrbani¢, Ivica Basi¢

Summary — In the project NARSIS — New Approach to Reactor
Safety ImprovementS — possible advances in safety assessment of
nuclear power plants (NPPs) were considered, which also included
possible improvements in the field of management of low probability
accident scenarios. As a part of it, a supporting software tool for mak-
ing decisions under severe accident management was developed. The
mentioned tool, named Severa, is a prototype demonstration-level de-
cision supporting system, aimed for the use by the technical support
center (TSC) while managing a severe accident, or for the training
purposes. Severa interprets, stores and monitors key physical mea-
surements during accident sequence progression. It assesses the cur-
rent state of physical barriers: core, reactor coolant system, reactor
pressure vessel and containment. The tool gives predictions regarding
accident progression in the case that no action is taken by the TSC.
It provides a list of possible recovery strategies and courses of action.
The applicability and feasibility of possible action courses in the giv-
en situation are addressed. For each action course, Severa assesses
consequences in terms of probability of the containment failure and
estimated time window for failure. At the end, Severa evaluates and
ranks the feasible actions, providing recommendations for the TSC.
The verification and validation of Severa has been performed in the
project and is also described in this paper. Although largely simplified
in its current state, Severa successfully demonstrated its potential for
supporting accident management and pointed toward the next steps
needed with regard to further advancements in this field.

Keywords — Severe accident management at NPP, decision
supporting tool, decision model, technical support center
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1. INTRODUCTION

cademic, research and industrial European institu-

tions from Slovenia (GEN, JSI), Croatia (APOSS), Italy

ENEA, UNIPI), France (CEA, BRGM, IRSN, EDF,
Framatome — ex Areva NP), Austria (NUCCON), Poland (NCBJ,
WUT), Germany (KIT, Framatome - ex. Areva), Finland (VTT),
The Netherlands (TU Delft, NRG) and United Kingdom (EDF
Energy) collaborated on the project NARSIS — New Approach to
Reactor Safety ImprovementS [1]. The project was funded by the
European Commission for the period of 4,5 years.

Based on recent theoretical progresses, the NARSIS project
aimed at making significant scientific step forward towards ad-
dressing the update of some elements required for the safety as-
sessment of NPPs. These improvements mainly concerned:

*  Natural hazards characterization, in particular by conside-
ring concomitant external events, either simultaneous-yet-
independent hazards or cascading events, and the correla-
tion in intra-event intensity parameters.

e Vulnerability of the elements to complex aggressions,
with the integration of new approaches such as vector-ba-
sed fragility surfaces and reduced models

*  Better treatment of uncertainties through adoption of
probabilistic framework for vulnerability curves and
non-probabilistic approach to constraining the “expert
judgments”.

The effectiveness of these improvements were tested and vali-
dated in the frame of the project through a set of laboratory experi-
mentations and numerical simulations using generic nuclear power
plant and real case applications.

The project was structured into seven work packages (WP):

e WP1: External hazards characterization,

*  WP2: Fragility assessment of main NPPs critical elements,
*  WP3: Integration and safety analysis,

*  WP4: Applying and comparing various safety assessment
approaches on a virtual reactor,

*  WPs: Supporting tool for severe accident management,
*  WP6: Dissemination, recommendation, and training,
*  WP7: Project management and coordination.

The main goal of work package (WP5) was the development
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of decision support tool for severe accident management and its
demonstration., The referential nuclear power plant (NPP) was
established [1]. The referential NPP was based on operating fleet
in the European Union. The safety systems, structures and com-
ponents (SSC) of referential nuclear power plant include design
basis safety SSC, safety SSC to mitigate severe accidents and mo-
bile SSC (“flexible” or FLEX equipment). The design basis SSC
includes high pressure injection, borated water accumulators, and
low-pressure safety injections, to supply cooling water and mitiga-
te loss of coolant accident. Emergency diesel generators and batte-
ries are intended to supply energy for operation of pumps, valves
and instrumentation and control. Emergency feed water pumps are
intended for reactor core cooling. The safety valves are installed
at reactor coolant system to decrease pressure below design value.
The containment prevents releases to the environment and radi-
oactive doses to the public. Alternative energy sources in terms of
diesel generators and batteries are included in the referential NPP.

Severe accident management guidelines (SAMGs) applicable
to referential NPP were described [2]. In the case of deviation of
important NPP measurements, alarms go off in the control room
and the operators use alarm respond procedures to respond to
alarms. In the case of unsuccessful correction of the situation, they
use abnormal operating procedures. If the problems still persist
and reactor trip is activated, it means that design basis accident is
occurring and emergency operating procedures are used to activate
safety SSC. If such action is not successful, the core starts to heat
up due to decay heat and severe accident with core degradation or
melting can occur. The management of NPP is transferred from
operators in control room to the technical support center (TSC). In
order to manage severe accidents, the SAMGs are used by mana-
gers in TSC. The SAMGs include operations such as:

a) Injection to steam generator, to remove decay heat from reactor
coolant system (the so-called high-level action HLAT).

b) Depressurization of reactor coolant system, to prevent high pre-
ssure melted corium ejection, which can damage containment
and causes quick rise of containment pressure and hydrogen
generation (HLA2).

c¢) Injection to reactor coolant system, which assures coolant wa-
ter to reactor core to remove decay heat (HLA3).

d) Injection of water into containment, to reduce containment pre-
ssure and possible radioactive releases.

The SAMGs imply that the TSC needs to take decisions. There
could be large amount of information, available only partially, or
with high uncertainty. The TSC managers are under stress due to
an extensive damage in the NPP, potential releases of radionuclides
and time pressure. The decision support tool Severa, developed in
the project and described in this paper, targets accident manage-
ment stage and aims at supporting the managers to make appro-
priate decisions with prioritization of actions in a well-justified and
timely manner.

II. INpUT DATA

The hazard-induced damage states and specific accident pro-
gression event tree for demonstration purposes were developed
[3]- This includes developing accident progression logic structu-
re for postulated hazard damage states, where damaged SSC are
identified.

For this purpose, two major severe accident sequences were
evaluated: high pressure (HP) and low pressure (LP) sequence.
Figure 1 provides an indication of the time scale for the major phe-
nomena. The high pressure sequence starts with an initiating event
like station black out (total loss of internal and external electricity

power), or loss of ultimate heat sink, where decay heat removal is
absent and the depressurization of reactor coolant system fails. The
core temperature starts to rise and hydrogen production starts in
contact of hot steam and cladding. The core starts to melt and can
be ejected, if hot leg creep failure did not occur, to containment with
reactor vessel failure at high pressure (High Pressure Melt Ejection
(HPME)). The fast transfer of corium heat in containment (Direct
Containment Heating (DCH)) threatens containment integrity.

The low pressure sequence starts with an initiating event like
loss of coolant accident, where the water in reactor coolant system
is lost, and there is no medium to remove decay heat. The con-
tainment pressure starts to increase with loss of coolant accident,
which can threaten the integrity of containment. The core tempe-
rature starts to rise. The core starts to melt and reactor vessel fails
at the bottom. The reactor cavity below the reactor pressure vessel
can be flooded with water. Hot corium in contact with water can
initiate steam explosions, which can threaten containment inte-
grity. The molten corium interaction with concrete and water starts
to produce hydrogen and carbon monoxide (CO), which both can
form explosive mixture. Potential hydrogen and CO burn or explo-
sion can threaten the integrity of containment.

Severe accident simulations were performed for each sequen-
ce, with different safety features available and different time of ac-
tivation of safety features [4].

The assessment of decisions needed to be taken by technical
support center was carried out and the main decisions were iden-
tified and characterized. Then, the attributes against which all de-
cisions are evaluated in decision support process were considered.
Those included the status of main barriers, fuel cladding, reactor
coolant boundary and containment. Since the status of boundaries
(e.g. fuel temperatures) cannot be measured or observed directly,
the related measurable parameters need to be used for diagnosis.
Those are discussed in the next section.

Figure 1 presents a simplified severe accident progression,
important phenomenology effects for both scenarios (LP and HP)
including the comparison of expected (predicted by severe acci-
dent simulations with MELCOR code) time windows of each acci-
dent phase [4].
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Fig. 1. Severe Accident Progression and Phenomenology
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III. DEcisioN SurPORT TOOL

The decision-support tool called Severa [5] is a demonstration-
level Windows application, aimed at supporting the TSC team
while managing a severe NPP accident.

Severa operates in 10-20-minute decision-support cycles that
consist of the following steps:

1. Monitor the key NPP operating parameters and the avail-
ability and performance or plant systems.

2. Assess the damage state of the barriers. Identify barriers
that are already challenged on may be challenged soon.

3. Predict possible future accident progressions and possible
consequences in the case that no management actions are
taken.

4. Identify possible alternatives (action courses); identified
action courses include the actions which are required
by the SAMGs (including the priorities given by the
SAMGs) and consider the availability of plant systems/
functions and time windows required for the implementa-
tion of each action.

5. For each identified alternative, assess its feasibility in the
given situation.

6. Predict the possible consequences associated with each
action course in terms of expected radioactive releases in
the environment.

7. Compare the alternatives based on the expected releases
and recommend the alternative to proceed with.

8. Implement the selected actions and observe plant’s
response.

Among these, the steps 1—7 are supported by Severa, mostly by
carrying out the necessary simulations and calculations, and pre-
senting the results in terms of (editable) tables, reports and charts
to the users. Based on this information, the final step 8 is on behalf
of the TSC team, who are also responsible for repeating the steps
until the accident has been resolved.

Conceptually, the seven supported steps belong to two func-
tional categories:

1. Monitoring: Observing and assessing the situation “as-is”,
without any human intervention. This category includes
the steps 1-3.

Management: Supporting the decision-analysis and deci-
sion-support activities of the TSC, according to the steps
4—7. This encompasses the identification of possible man-
agement actions in a given situation and assessment of the
possible consequences, including expected radioactive
releases.

Another partial categorization of Severa’s functionality can be
made to:

1.

Diagnostics: Assessing the current state of the NPP and its
barriers (steps 1 and 2).

Prognostics: Predicting future events: accident progres-
sion (step 3), feasibility of actions (5) and their conse-
quences (6).

The operation of Severa is based on a time series of eight criti-
cal parameters that are periodically measured in the NPP [7]:

“CET”: Core Exit Thermocouples [°C]

“SGL”: Steam Generator Level [m]

“RPVL”: Reactor Pressure Vessel Level [%]
“Prcs”: Reactor Coolant System Pressure [MPa]
“Pcont’”: Containment Pressure [MPa]

“Tcont”: Containment Temperature [°C]
“Lcont”: Containment Water Level [m]

“H2”: Hydrogen concentration [%]

On this basis, Severa supports the monitoring steps 1—3 and
makes a first major decision-support contribution by providing the
following information to the TSC:

Whether or not — and when — the conditions in the NPP
require the activation of SAMGs?

Which SAGs (Severe Accident Guidelines) are relevant
for the situation? Currently, Severa is restricted to three
SAGs: SAG-I (Inject into SG), SAG-2 (Depressurization
of Reactor Coolant System (RCS)) and/or SAG-3 (Inject
into RCS).

Given the measurements, what are the expected states of
the three barriers: Core, RCS, and Containment?

What are the expected progressions of the event if no acti-
ons are undertaken by the TSC?

@ Severa - NARSIS Demonstrational Decision Support Tool for Severe Accident Management - a X
Input Parameters  Cument State  Actions  Systems  User lnput  Evaluation  Test
%3 New {YLoad.. Fq Save.. ViewSettings = + —
Time [min] CET[C] SGL [%] RPVL[Z]  Prcs[MPa]  Pcont[MPa]  TCont[C] Leort [m] H2[%] SAGs  SeqType  Cors State RCS State Cont State Possible Progressions "
h 330 w77 1000 1851 00 2 00 090 oK oK oK
10 309 593 100.0 13.29 0.104 26 00 0.00 OK OK OK
20 307 423 100.0 1275 0.107 k)l 01 0.00 OK OK OK
30 307 79 100.0 1223 0.109 13 01 0.00 OK OK OK
40 307 16.4 100.0 11.18 0.109 ] 01 0.00 OK OK OK
50 307 49 995 9,53 0.110 35 0.2 0.00 OK OK OK
60 318 00 99.7 11.23 0.110 36 02 0.00 OK OK OK
70 335 0.0 1000 1481 01M 37 0.2 0.00 oK oK OK
80 349 00 100.0 17.22 0111 7 03 0.00 OK OK OK
90 354 0.0 67,2 17.03 0,153 75 1.1 0.00 OK OK OK
100 354 00 565 17.11 0.176 84 1.1 0.00 OK OK OK
110 423 00 7.1 17.09 0.178 85 12 0.00 OK OK OK
120 677 0.0 275 17.08 0,173 82 12 000 123 High oK oK oK
00 238 17.08 0.168 80 16 000 1.2.3 High OK OK OK
00 203 17.07 0.183 36 16 001 1.2.3 High OX IP OK CD. RCSdepr, CH, DCH, Bypass
00 13.1 17.15 0.189 87 1.6 003 1.2.3 High OX IP OK CD. RCSdepr, CH. DCH, Bypass
00 13.1 17.23 0.19% 89 16 003 1.2.3 High CD&0X IP OK RPVmekt. RCSdepr, CH, DCH, Bypass
00 125 17.20 0,195 89 1.6 003 1.2.3 High CDa0x P OK RPVmsk, RCSdepr, CH, DCH, Bypass
00 90 17.09 0.194 89 16 003 1.2.3 High CDAa0X IP OK RPVmekt, RCSdepr, CH, DCH, Bypass
00 66 16.44 0.189 87 16 003 1.2.3 High CD&0X IP OK RPVmelt, RCSdepr, CH, DCH, Bypass
00 330 0.30 0.294 13 1.6 0.03 1 Low CD&0X IFD OK RPVmelt. CH, MCCI .

Fig. 2. A Severa screenshot showing and interpreting the first 200 minutes of a Station Blackout scenario

Luka Strubelj, Klemen Debelak, Marko Bohanec, Adem Kikaj, Ivan Vrbani¢, Ivica Basi¢, Use of Supporting Software Tool for Decision-Making During Low-
5 Probability Severe Accident Management at Nuclear Power Plants, Journal of Energy, vol. 71 Number 4 (2022), 3-11

https://doi.org/10.37798/2022714423



Figure 2 shows an example of Severa screenshot that displays
the first 200 minutes of a Station Blackout event (simulated with
MELCOR) and Severa interpretation of the time series in terms of:

*  Columns “CET” to “Lcont”: Color-coded interpretati-
on of individual measurements. White, yellow, orange
and red colors indicate the states of increasing severity,
and magenta indicates an out-of-range or erroneous
measurements.

e Column “SAG”: Shows SAGs relevant for the situation
(multiple SAGs are possible).

e Column “Seq Type”: Sequence type, either low-pressure
or high-pressure.

¢ Columns “Core State” — “Cont State’: Assessed cu-
rrent state of the three barriers. The acronyms represent
cladding oxidation (OX), core damage (CD), intact pre-
ssurized (IP) and intact/failed depressurized (IFD).

¢ Column Possible Progressions: Prediction of possible
events if no actions are undertaken.

This information is generated by Severa partly by using deci-
sion rules encoded in the software and partly by a qualitative rule-
based multi-criteria model [9] developed according to the method
DEX [8].

An important consequence of this approach is that each asse-
ssment, put forward by Severa, can be justified and explained in
more detail when requested by the TSC. For example, Figure 3
shows a detailed description of the situation in the 120" minute of
the Station Blackout scenario from Figure 2. The left-hand side
shows the summary input parameter values at that time point, the
set of entered SAGs, sequence type and a summary of barrier sta-
tes. The right-hand side of Figure 3 displays detailed results of the
evaluation carried out by the Barriers Progression DEX model.

The report shows the hierarchical structure of attributes; for each
individual attribute, it displays the qualitative value assigned to that
attribute, which was determined from input sequence values and
decision rules formulated in the model.

The second major decision-support contribution of Severa is re-
lated to possible management actions and their expected consequ-
ences (steps 4—7). In general decision-analysis terms, alternatives
(or “decision alternatives™) consist of multiple alternative courses
of actions that may be undertaken in order to satisfy the decision
makers’ objectives. While managing a severe accident, the main
objective is to mitigate the accident with minimum damage to the
NPP and environment. In each situation, multiple actions may be
available, but their choice and potential success depend of a vari-
ety of factors: preconditions for carrying out an action, current and
expected future availability of equipment, available time window,
action adequacy, etc. Actions may be mutually exclusive and the
success of some action may depend of the success of another ones.
In Severa, the possible actions with the availability of equipment
are used to define alternatives.

Each action has a success window, defined using the 95 and
5™ percentile of success times. The expected action success proba-
bility is estimated by cumulative lognormal distribution depending
on Tos and Tos (Figure 4). Here, the lognormal distribution was
selected because of its convenience and because it is often used
for phenomenological probability quantifications in the Level 2
PSAs. Any other probability distribution or probability model may
be used in future versions, based on the human reliability or human
factor analyses.

In Severa, the expected outcome of actions is assessed using a
probability distribution of expected radioactive releases with res-
pect to four categories of radioactivity release [7]:

e RC-E: Containment failure with a significant release of
radioactivity is expected within several hours.

@ Severa - NARSIS Demenstrational Decision Support Tool for Severe Accident Mana... - m] X
Input Parameters : Current 51613: Actions Systems Userlnput Evaluation Test
H Save ...

Current barrier states and progressions °

120 min
Last measurement time: 120 min

Current time:

Input parameters

677 °C
0,0 %
27,5 %
Prcs Reactor Coolant System Pressure 17,08 MPa
0,173 MPa
82 °C
1,2m
0,00 %

CET Core Exit Thermocouples
SGL  Steam Generator Level
RPVL Reactor Pressure Vessel Level

Pcont Containment Pressure (gauge)
Tcont Containment Temperature
Lcont Containment Water Level

H2 Hydrogen concentration

Entered SAGs
SAG-1 Injection to Steam Generator since min 120

SAG-2 RCS depressurization since min 120

SAG-3 RCS injection since min 120

Sequence High pressure

Barrier States

Core OK
OK not OK
RCS oK
OK not OK
Containment OK
Bypassed Bypassed Containment

Fig. 3: The Current State report for minute 120 of Station Blackout

@ Severa - NARSIS Demenstrational Decision Support Tool for Severe Accident Mana... - m] X
Input Parameters  Cumert State  Actions  Systems  User lnput  Evaluation  Test

H save...

Evaluation 2

BarriersStates & AccidentProgressions no

| Barriers no

| | Core no

| | | CoreState oK

11 ox no

| 1 1 | | t_CET650=10min no

| 1 1 | | RPVL<TAF yes

111 co no

| 1 | | | tCET1093=10min no

I 1 | | | RPVL<TAF yes

111 oKk no

| I | | | CET=354degC yes

[ 1 1 | | QuenchedCooled no

|1 | | | £t CET650=10min no

| | | CoreProgression no

|1 | | teCcD no

| 1 | | toCH no

| | | | torRPVmelt no

| | RCS no

| | | RcsState OK

| | | | IntactPressurized no

[ I I | | RcsTime ne

1 | | | | t.CETes0=10min no

[ 11 | | | t_CET1093=0min ne

I 1 | | | Prcs=3MPa yes

| | | | Intact/Failed Depressurized no

| I | | | ResTime ne

I 1 | | | Pres=3MPa yes

11 oK no

| I | | | CET=354degC yes

[ 1 1 | | QuenchedCooled no

| | | RcsProgression no

| | | | toRCSdepr no v

Ll #aen nn
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Fig. 4. Management actions’ success windows in Severa

RC-I: Containment failure with a significant release of ra-
dioactivity is expected within several days.

RC-L: No significant release of radioactivity is expected
within several days.

RC-N: Long-term concern (in-vessel recovery and/or in-
tact containment).

The main model for producing such assessments is based on
an accident progression event tree (APET) [3], [4]. In Severa, the
APET is implemented in terms of an equivalent probabilistic DEX
model [7].

Let us illustrate the above concepts on an example of two
hypothetical alternatives available to the TSC team in the 120" mi-
nute of station blackout (Figure 5). Acronyms in the figure denote
plant systems that can generally be used to mitigate the situation.
For instance, AFW denotes Auxiliary Feedwater Pump, SGPORV
SG Power-Operated Relief Valve, etc. The abbreviation “DEC” re-
fers to “Design Extension Condition”. In most cases it is here used
with a reference to the systems or equipment provided to cope with
DEC conditions. Colors in Figure 5 denote the availability of those
systems. The prevailing color is red, indicating that the correspon-
ding systems are damaged beyond repair or otherwise unavailable.
Only a few systems are available (green) or expected to be availa-
ble (activated or repaired) in the future (orange).

Fig. 5. Definition of two alternatives in Severa

The two alternatives, available to the TSC team in minute 120,
are:

Altemative D Atemative F

Name [Atemative D Evalste | | Evaluateseres | | Ret

use of adequate design-based equipment (SGPORV and
DECSG) will be possible only after extensive reparation
work that will take about 30 minutes.

Alternative F: (for “Flexible”, Figure 4, right): Using less
adequate flexible equipment (DECSGPORYV, FLEXSG)
that can be set up in 10 minutes.

1 1
0 0.
[ 6.
s 0 & o
£ 2
g o4 2 o4
02 02
) ; |
RCE RCI RCL RCN RCE RC{  RCL RCN
Atemative RCE AC ACL RC-N
» 00M7| 00321 0| 0962
Atemative: F 00058 01258 0| 08884

Fig. 6. Probability distributions of radioactive releases for Alternatives D
(left) and F (right)

Figure 6 shows the Severa’s assessment of these alternatives in
terms of probability distributions of RC-E, RC-I, RC-L and RC-N.
Generally, when choosing between alternative actions, the action
whose probabilities are the highest around RC-N and the lowest
around RC-E is recommended for implementation. In this respect,
Alternative D appears better than Alternative F, as its RC-N proba-
bility is considerably higher (0.9662 vs. 0.8684), while RC-E and
RC-I are lower (0.0017 vs. 0,0058 and 0,0321 vs. 0.1258, respecti-
vely). Consequently, the TSC would be expected to choose Alter-
native D, initiate appropriate actions, and continue managing the
accident carrying out next decision-making cycles.

It needs to be pointed out that Severa is a proof-of-concept tool
which was developed in order to investigate the feasibility of this
kind of decision support in severe accident management, primarily
for the training purposes. As any such tool, it has its limitations.
Among the most important is a treatment of time dependency of
the probabilistic parameters incorporated in its prognostic logic. A
number of phenomenological probabilities are presented by values
which apply at an early phase of the accident and, therefore, its
accurate performance is limited to this time window. Due to the
complexity of the process, Severa relies on a simplified represen-
tation of its logic models, as well as a simplified consideration of
adequacy of equipment included in the model and feedback from
the implemented actions. At this point, Severa reflects three SAGs:
SAG-1 (Inject into SG), SAG-2 (Depressurization of RCS) and/

Altemative D Atemative F

Mame [Atemative F Evaate | | Evalateseres | | Re

Systems Succsss Paths Systems Success Paths
System A"a‘a"[’:?‘:] Path  Hements Time Windowls)  Status 3";:;';‘5 System A‘:“[f,:l‘a] Path  Elemerts Time Windowls)  Status ;Vﬂ;ti‘a
AFW SP11 | AFw [36:48] » SRERRE [36:48]
DECPRFORV b |sPi2 |sGPORV.DECSG (3647 In 20 min DECPRPORY SP1Z | SGPORV:DECSG [3648]
SP13 | DECSGPORV: DECSG |[36:48] DECSG SP13 | DECSGPORV: DECSG | [36:48]
DECSGRORY SP14 |SGRORV.FLEXSG  |[36:48) DECSGFORY SP14 | SGPORV:FLEXSG | [3648]
DECS! SP15 | DECSGPORY: FLEXSG |[36:48] DECSI SP15 | DECSGPORV: FLEXSG [36:48]
FLEXSG SP21 |SGPORV [36:133] In 30 min 150 FLEXSG SPZ1 | SGPORV [36:193]
FLEXACS 5P22 | DECSGFORV [36:193] FLEXACS SP22 | DECSGPORV [36:193]
SP23 |PRPORV [36:193] HPSI SPZ3 | PRFORV [36:193]
LPs| P24 |DECPRFORV [36:193] Lpsi SP24 | DECPRPORV [36:193] 130
PRPORV SPaIT [LPSI [36:193] Avaisble 0 PRPORV SPAIT |LPSI [36:193] 0
RCFC P31z |DECSI [36:133] RCFC SP3Z | DECSI {5183
SGPORV SP33 |FLEXRCS [36:193] SGPORV SPU3 | FLEXACS [36:193]
»  |sMPDECSI SP3M. [HPSI [36:193] SWPDECSI SPI4 | HPSI [36:193]
SMPFLEX SP3RT |LPSI; SMPLFSI [36:133] [280:300] | Available 0 SMPFLEX SP3RT| LPSI; SMPLPSI [36:193] [260:900] | Available | 0
SMPLPSI SP3IRZ |DECSI: SMPDECSI  |[36:193] [280:900] SMPLPSI SPIRZ DECS| SMPDECS | [36:193] [280:900]
SP3R3 | FLEXACS:; SMPFLEX | [36-193] [280-900] 5P SP3IR3 | FLEXRCS; SMPFLEX | [36-133] [280:300]
sPCT |SP [280:900] SPC1 5P [280:900]
sPc2 | RerC [280:900] SPC2 | RCFC [280:900]

Alternative D (for “Design-based”, Figure 4, left): The
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or SAG-3 (Inject into RCS). However, even under the limitations,
the development of Severa was very challenging and took quite a
considerable decision-analysis, decision-modelling and program-
ming efforts. Verification and validation exercises showed that it
can provide reasonable predictions of probability profiles of major
release categories for the scenarios considered.

IV. VERIFICATION & VALIDATION OF SEVERA

A. BASIC DEFINITIONS

Two terms are essential for Severa verification and validation
(V&V) process. They are “Time Delay” and “Alternative”. These
two terms have a specific meaning in the context of Severa [9].

“Time Delay” is a user-provided input concerning the availabi-
lity of critical systems / equipment. In Severa’s prognostic model
the availability of particular systems and their combinations is de-
fined in terms of a “time delay” (TD), i.e., the time at which the
respective item is expected to become available, measured from
the time-point at which the assessment by Severa is being made.
Following are some important points, with regard to V&V process:

e There are a certain number of TD terms for which values
need to be entered by a user. Some of the terms relate to
particular single systems, the others to combinations of
systems. Those systems or their combinations comprise
different possible “success paths” via which considered
critical safety functions may be established / recovered.

*  Generally, the designator “TDx” represents the time (star-
ting from now (“now” meaning the time-point at which
Severa is used)) at which system “x” would become

available;
e Itisnoted that: 0 < TDx < o0:

¢ 0 —The value “0” means that system (item “x”)
is available or is already operating, e.g., as a
part of a high level action (HLA) which is under
implementation;

¢ 0 —The upper bound “o0” (or any large value repre-
senting the infinity) means that the system is known
to be failed beyond repair.

“Alternative” in the Severa terminology represents one specific
set (or a “vector”) of values of TD terms. For illustration, Figure 5
compares the TD terms for systems (which are then translated to
the TD terms for the success paths) for two different alternatives.

For V&V purposes, it is useful to have in mind the format in
which the results of the prognostic part of Severa are provided:
for each considered “alternative”, Severa provides the conditional
probabilities of four mutually exclusive categories of an outcome:
RC-E, RC-I, RC-L, RC-N. As the categories are considered mutu-
ally exclusive, the four conditional probabilities sum to 1.0.

The results are presented both numerically and graphically.
However, just to mention it, there is an issue which makes graphi-
cal presentation difficult: Quantitative results (probabilities) appear
in the range of 3 or even 4 orders of magnitude, as illustrated by
Figure 6. There is a possibility to use logarithmic scale for presen-
tation of the results. However, this can be confusing in a stressful
situation and not very suitable for intuitive interpretation of the
results.

Fig. 6. Presentation of results — The range of probabilities of radioactive
release categories

1.00E+00

8.00E-01 -

6.00E-01

4.00E-01

2.00E-01

RC-L
9.16E-02

RC-E RC-I

(6.34E-03 ) 8.10E-02

B. ArPROACH TO V&V

0.00E+00

RC-N

(8.21E-01 )

[m#1

Two general aspects of any V&V can be described in a simpli-
fied way as:

1. Verification: check whether the product is in accordance
with predefined specifications (“see whether you really
got what you wanted”);

2. Validation: check whether the product is suitable for the
intended purpose / application (“see whether you really
wanted what you got”).

Usually, the second aspect is considerably more challenging
than the first.

Interpretation

ot
AW

Comparison

Evaluation
tool

Tests
(scenarios)

Results

L

Varying:

*  Systems availability

* Implementation status
of actions

* Sequence type (LP, HP)

* Accident progression:
State of NPP barriers

Severa

Exploring as many as
possible borderline cases

Fig. 7. Approach to verification and validation of Severa

The first step of the overall V&V of Severa was the determi-
nistic verification and validation of possible recovery actions. It
should be noted that a number of accident sequences were studied
by MELCOR deterministic analyses [4] to evaluate phenomenolo-
gical aspects of severe accidents, timing of important consequen-
ces without any recovery (operator) actions and success of perfor-
med recovery actions. According to [3] and [9], each SAG (SAG-1,
SAG-2, SAG-3) is associated with a corresponding High-Level
Action (HLA): HLA1, HLA2, HLA3. Each HLA contains several
Success Paths (SPs), i.e., alternative and mutually exclusive ways
of responding to the accident. Each SP uses one or more systems
from the inventory of plan systems, such as pumps and power ge-
nerators, which must be available and in a working condition in
order to pursue the SP.

As already mentioned, two general types of severe accidents
scenarios were studied in [4]: high pressure scenario and low pre-
ssure scenario. These two types generally differ with regard to the
pressure behavior in the Reactor Coolant System (RCS) following
the assumed initiating event (IE). For each of them, a number of
deterministic analyses by MELCOR were performed.
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The second part of the overall V&V process for Severa was
established along the following lines (Figure 7):

e —Verification part for Severa tool. It was rather straight-
forward and consisted of the following activities:

*  0—Define test cases involving different formulas
embedded in the tool;

»  o—Pre-calculate results independently (externally
to Severa), e.g., by a spreadsheet;

*  o—Perform runs by Severa and compare;
*  —Validation part for Severa tool:

*  0—Define test cases for different conditions pre-
dictable by supporting analyses or knowledge /
experience;

*  0—Define the expectations with regard to results.
Those were related to likelihood profile of conta-
inment failure / release categories;

* o—Calculate the results and interpret / evaluate
them against the expectations;

*  0—Do also sanity-checks against other test results;

The procedure which was followed for a particular test can be
summarized with the six steps:

I.  Define the test case;
2. Describe the expectations concerning the results;
Pre-calculate results independently;

4. Evaluate results against expectations and against other re-
levant tests under V&V,

5. Obtain corresponding results by Severa and compare aga-
inst step 3;

6. Do any adjustments or corrections, if needed.

It should be noted that both verification part as well as validati-
on part have resulted with certain (mostly although not necessarily
minor) corrections and adjustments of tests and Severa itself. It
also should be noted that a considerable number (275) of test cases
were done and passed successfully.

To illustrate the process, we present an example involving a
group of rather simple test cases / subcases.

C. ExXAaMPLE OF A V&V

All cases presented below for illustration purposes represent
checks involving a comparison of different alternatives. The consi-
dered situation is as follows. The time point at which tests are made
is the time point at which the SAMGs are entered, i.e., the time
point is set shortly after reaching CET = 650°C. Specifically, this
occurs at time point = 126 min at the Station Blackout time series.
No management action is under implementation. Tested is a set of
alternatives with different TDx terms for specified functions. In all
cases the following applies:

e Large TDx (TD goes to infinity) is simulated with TDx =
60000 min;

e TDxy = TDx + TDy when restoring combinations of
systems;

e For each HLA / Function:
implementation.

No function is under

Case 1.0. Zero Alternative, Ao: All TDx Large

e Zero alternative is defined as: no function available and
no actions will be taken (no recovery). Therefore: all TDx
terms are large.

*  Expectation: Release: RC-E if SG creep rupture, or RC-I
if no SG creep rupture. If no SG creep rupture, conta-
inment is expected to fail in intermediate time window
due to mass and energy release (MER) challenge.

*  Results: As below. Considered OK. Reproduced by Se-
vera OK.

RC-E RC-I RC-L RC-N
1.06E-02 9.89E-o1 0.00E+00

0.00E+00

Case 1.1. Comparing Different Subcases with Availability (at
TD = 0) of HLAI, HLA2 and / or HLA3. (No Containment Heat
Removal)

For this case, the initial / underlying conditions and assump-
tions are the same as under the Case 1.0 above. Various subcases
which were then quantified reflect the assumption that particular
function / combination of functions became available with TD
= 0 (i.e., became available “now”, at the time a decision is to be
made). For example, in the Subcase 1.1.1 below it is assumed that
the function “inject to SG” (HLAT) becomes available, while all
other conditions are as under the Case 1.0 above. Presented below,
for illustration, are two subcases: the mentioned Subcase 1.1.1, and
the Subcase 1.1.7 under which it was assumed that a combination
of critical functions becomes available with TD = o. The purpose
of all subcases under this Case 1.1 was to see whether the quantifi-
ed results fulfill the expectation when compared against the initial
results from the Case 1.0.

Subcase 1.1.1: HLAI (Inject to SGs)

*  Expectation: This HLA can address SG creep rupture and
reduce the likelihood of early release (RC-E). However,
it cannot address containment challenge in later time fra-
mes. Primary inventory will be lost through the Reactor
Coolant Pump (RCP) seals and Pressurizer PORVs. Thus,
reactor vessel failure (VF) and containment challenge
cannot be avoided and they are expected at intermedia-
te time frame. Therefore: RC-E probability decreases on
account of RC-I. RC-L=RC-N=o.

0—The best option, according to the assumptions,
is AFW. (This is because it is a design-basis safety
system, with most strict design, installation and ma-
intenance requirements.) Thus, this option is expec-
ted to give the smallest RC-E probability. For other
options RC-E probability increases.

*  Results: As shown in Table I. Considered OK. (Note that
the row #o shows the results from the Case 1.0 above, for
comparison.) Reproduced by Severa: OK. It is noted that
graphical presentation is not very useful for comparing ca-
ses like these (Figure 8), because the results may cover the
range of several orders of magnitude.
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TABLE 1.

V&V EXAMPLE (SUBCASE 1.1.I)

# TDx =0 RC-E RC- RC-L RC-N

ve is described by a number of data items that set up the hypothe-
tical environment (time series data, the current time point) and the
states of plant systems (in terms of TD and completed actions).

TasLE L.
0 Zero (Al TD>>) 1.06E-02 9.89E-01 0.00E+00 0.00E+00
V&V EXAMPLE (SUBCASE 1.1.7)
A (AFW) 1.50E-03 9.99E-01 0.00E+00 0.00E+00
B (SGPORV) (DECSG) 1.90E-03 9.98E-01 0.00E+00 0.00E+00 # TDx =0 RC-E RC- RC-L RC-N
C (DECSGPORV) (DECSG) 2.40E-03 9.98E-01 0.00E+00 0.00E+00 0 Zero (Al TD>>) 1.06E-02 9.89E-01 0.00E+00 0.00E+00
D (SGPORV) (FLEXSG) 2.70E-03 9.97E-01 0.00E+00 0.00E+00 HLA1 and HLA3I / HLA3R
E (DECSGPORV) (FLEXSG) 3.30E-03 9.97E-01 0.00E+00 0.00E+00 A (AFW) 1.27E-03 3.00E-02 0.00E+00 9.69E-01
(LPS) (SMPLPSI)
1.00E+00 B (SGPORV) (DECSG) 167603 3.00E-02 0.00E+00 9.68E-01
(LPSI) (SMPLPSI)
8.00E-01
C (DECSGPORV) (FLEXSG) 3.08E-03 6.83E-02 0.00E+00 9.29E-01
6.00E-01 (LPSI) (SMPLPSI)
4.00E-01 D | (AFW) 1.286-03 1.27601 0.00E+00 8.72E-01
2.00E-01 (DECSI) (SMPDECSI)
0.00E+00 E (DECSGPORV) (FLEXSG) | 3.11E-03 3.47E-01 0.00E+00 6.50E-01
RC-E RC-I RC-L RC-N (FLEXRCS) (SMPFLEX)
mO0| 1.06E-02 9.89E-01 0.00E+00 0.00E+00
WA 150E-03 9.99E-01 0.00E+00 0.00E+00 1.00E+00
=B 1.90E-03 9.98E-01 0.00E+00 0.00E+00 8.00E.01
EC| 2.40E-03 9.98E-01 0.00E+00 0.00E+00
ED  2.70E-03 9.97E-01 0.00E+00 0.00E+00 6.00E-01
mE| 3.306-03 9.97€-01 0.00E+00 0.00E+00 ——_—
Fig. 8. V&V example (Subcase 1.1.1) - Graphical presentation 2.00E-01 I
. . 0.00E+00
Subcase 1.1.7: Combined HLA1 /HLA2 with HLA3I / HLA3R RC-E RC-I RC-L RC-N
(SG Flooded / RCS Depressurization and RCS Injection / BA|  127E-03 3.00E-02 0.00E+00 9.69E-01
Recirculation) mB  167E-03 3.00E-02 0.00E+00 9.68E-01
. . . S mC|  3.08E-03 6.83E-02 0.00E+00 9.29E-01
*  —Expectation: With R T zed and njection
/ .petl: i 0 W'l bl (ilsl dep CssurL %(.11. (1 Jeﬁ. 0 ED 128603 1.27E-01 0.00E+00 8.72E-01
recirculation available, there is a possibility to achieve
> p ty ME|  3.11E-03 3.47€-01 0.00E+00 6.50E-01

in-vessel recovery (IVR). However, there is no conta-
inment heat removal. Containment will fail under RC-I
only if IVR is unsuccessful and challenge to conta-
inment develops. Otherwise: long term concern.

»  o—Therefore, expectation for all options is: RCE-
E low (SG flooded). Containment failure at RC-N
(most likely) or RC-I.

* —Note: RC-L is not expected: if IVR fails then
RC-I expected. If IVR successful then long term
concern applies.

*  —Results: As shown in Table II. Considered OK.
In accordance with expectations.

*  0—Note, also: Split between RC-I and RC-N is
in accordance with adequacy of available HLA3
function: Probability of RC-I(LPSI) is smaller than
probability of RC-I(DEC), which in turn is smaller
than probability of RC-I(FLEX) (Figure 9).

D. IMPLEMENTATION OF V&V

In order to run V&V tests, a special software module was
added to Severa. After loading some time series (such as Station
Blackout), the user can iteratively load test scripts, which are run
by Severa, comparing the achieved radioactive release results with
the ones obtained by the alternative evaluation tool and prescribed
in scripts.

A test script is a JSON (JavaScript Object Notation) data file
that contains a description of multiple hypothetical alternatives to-
gether with their expected radioactive releases. Each test/alternati-

Fig. 9. V&V example (Subcase 1.1.7) - Graphical presentation

V. CONCLUSION

Severa is a proof-of-concept tool which was developed with
an idea to investigate the feasibility of using a computer decisi-
on-support tool in severe accident management, primarily for
the training of NPPs Technical Support Center (TSC) staff. The
demonstration version of Severa is capable of evaluating poten-
tial successes of available severe accident management guideline
(SAG) action courses, based on the assumed time windows for
successful recovery actions and predetermined probability profiles
of expected major radioactive release categories for different plant
status / configurations. The appropriate timely executed operator
actions should reduce the early containment failure or/and mini-
mize other types of radiological releases. The TSC staff decisions
based on additional information and training with Severa tool can
lead to better understanding and management of severe accidents
in nuclear power plants. Although the prototype version is largely
simplified with regard to the real situations, the extensive verifica-
tion and validation exercises showed that it can provide reasonable
predictions of probability profiles of major release categories for
the scenarios considered.

With regard to the limitations in probabilistic risk quantificati-
ons, it is important to recognize that the objective of the tool itse-
If is not to calculate the “realistic” or best estimate probabilities
of releases associated with particular alternative being evaluated.
Rather, the objective is to be able to learn which alternatives are
relatively better than the others. In any case, this definitely repre-
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sents an opportunity for future improvements, particularly the
time dependency of the release category probability matrix, which
would enable using the tool also in the later phases of accident
management.
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On Minimal Cut Sets Representation with Binary
Decision Diagrams

Reni Banov, Zdenko Simi¢

Summary — Since their introduction in form of a canonical repre-
sentation of logical functions, the Binary Decision Diagrams (BDDs)
gained a wide acceptance in numerous industrial applications. This
paper summarizes the properties of BDD representation of Minimal
Cut Sets (MCS) of Fault Tree (FT) models most typically encounte-
red in nuclear energetics. Cut sets from MCS are defined as paths
from the top BDD node to terminal nodes in the BDD, on which a
quantitative and qualitative FT analysis (FTA) is performed. The core
of the FTA on the BDDs is performed with help of two fundamental
algorithms, one for conditional probability evaluation and another
for the selection of cut sets. The accuracy of conditional probability
evaluation represents an essential feature for an unbiased quantitati-
ve analysis, such as the top event probability or the determination of
event importance measures. The cut set selection algorithm is shown
in a generic version introducing logical predicates for its selection cri-
teria. As it is known, the efficiency of depicted algorithms depends
only on the number of BDD nodes used for the FT representation. In
order to appraise the compactness of the BDD representation of FT
models, their characteristics have herein been evaluated on several
real-life models from the Nuclear Power Plant Krsko. The extraordi-
nariness of the compactness of the BDD representation reflects in its
ability to implement advanced dynamic analysis (i.e. what-if) of FT
models. The efficiency of such an approach is recognized by commer-
cial vendors upgrading their FT Tools to new versions by implemen-
ting BDD based algorithms.

Keywords — Probabilistic Safety Assessment (PSA), Fault Tree
Analysis (FTA), Binary Decision Diagrams (BDD), Minimal Cut Sets
(MCS)

[. INTRODUCTION

ditions of military systems [1], the Fault Tree Analysis (FTA)

has become one of the most popular methods to deductively
analyse undesired behaviour of complex engineering systems from
various industries. The static Fault Tree (FT) is a directed acyclic
graph (DAG) with a single top node representing a failure event
under analysis. Terminal nodes at the bottom of the FT are basic
events representing a component failure occurrence and are consi-
dered relevant for the analysis. The intermediate nodes are conditi-

Introduced in the early 60’s as a tool for analysing failure con-
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ons under which the basic events propagate their occurrence to the
top node. An example of a simple FT is given in Figure 1. In a ge-
neral view to FTA, we differentiate two types of static analysis: the
qualitative and the quantitative [2]. Under the qualitative analysis
the FT is typically evaluated to find minimal cut sets, minimal
path sets, and common cause failures. Quantitative analyses are
performed numerically with the goal of computing various reliabi-
lity measures, like system availability, mean time between failures,
component importance measures, and others.

Fig. 1. Fault Tree example

It should be brought to attention that the FT structure represents
a large Boolean function which depends on the occurrence of basic
events, thereby allowing their minimization to find representation
in form of minimal cut sets (MCSs). The conventional approach to
FTA relies on a process of determination of minimal cuts sets from
the FT structure by applying a simplification rule according to the
Boolean laws. The two most common conventional approaches
are based on top-down or bottom-up rewritings of logical formulas
defined by intermediate FT nodes. Both approaches are computa-
tionally intensive and are resource demanding, and may, thereby,
be applied only to determine the most significant minimal cuts ba-
sed on probability values or their size. Lately, the new techniques
are constructed on Binary Decision Diagrams (BDDs) [3, 4] and
Monte Carlo [5] simulation methods. The BDD method of mini-
mization of Boolean functions seems to be more powerful than
Monte Carlo methods, though it depends on the knowledge of a
good basic event order to achieve supremacy [6]. The advantage of
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Monte Carlo simulation methods is that they can be easily applied
to the dynamic fault tree (DFT) analysis.

However, finding the minimal form of any Boolean function is
a NP-complete problem, even for the simplest case of monotonic
Boolean functions. The time and space complexity of a problem
requires a novel data structure to represent Boolean functions. Nor-
mally, Boolean functions are represented by truth tables or logical
expressions, but the BDD structure, i.e., a variant of DAG with
two terminal vertices, are far more efficient for implementation.
The BDDs for Boolean functions are derived from the Shannon
identity

F) = (A fx1)) vV (—x; A f(250)) (D)

applied recursively to each function in expansion. Each Shannon
step generates a part of a full binary tree with vertices structured, as
shown in Figure 2, down to the bottom of the tree with two termi-
nal vertices representing Boolean values {0,1}.

f(x)

Fig. 2. Shannon identity step as binary tree

The Shannon identity with BDDs is commonly expressed by
means of the If-Then-Else (ite) construction, for instance, the tree
structure of the function from Figure 2 is written as

ite(x; f(x;1;), f (%, 0,)) ©)

If an order of variables is the same (preserved) on each path
from any vertices down to terminal vertices, the BDD is denoted
as ordered BDD [7]. During the Shannon expansion the vertices
for each unique Boolean function are generated only once, thereby
making an ordered BDD reduced and ensuring the uniqueness of
representation, i.e., the canonical representation of the Boolean
function. The BDD structure allows an efficient implementation of
usual logical operations, which makes it a suitable tool for manipu-
lating Boolean functions.

II. BDD METHOD FOR MCS SET

From the very beginning of the application of fault tree
analysis in nuclear energetics it has clearly come to mind, that a
more accurate insight into the reliability of the observed system
relies on the understanding of the complete or, at least, the most
significant parts of failure sets (minimal cut sets MCSs). Howe-
ver, the determination of MCSs turns out complex even with very
simple systems modelled by a coherent fault tree, dealing with at
least two hard problems. The first, being the time complexity of
algorithms employed for the determination of the complete or par-
tial set of MCSs, while the second relates to a space complexity of

the same sets recording. More recently binary decision diagrams
(BDDs) have been developed, enabling an indirect recording of fa-
ult trees by applying indicator variables for the component failure
state within the system.

The basic idea behind the BDD method is to define an indicator
variable which acquires the logical value zero (false) if the basic
event does not occur, and inversely, the logical value one (true) if
the basic event occurred. The probability of the basic event occu-
rrence is thereby associated with the probability of true occurrence
of the indicator variable. In this way the Bernoulli random varia-
ble is assigned to the basic event. Once the logical function repre-
sented by the FT is converted to a BDD representation, the BDD
based method [3] can be used to find its minimal disjunctive form
which represents a MCS set of the coherent FT. Figure 3 shows the
BDD representation of the complete MCS set of the FT example
from Figure 1. The dotted arrow line marks that the MCS does not
include the event originating from the line, while the full arrow line
stands for the event included in MCS. The full MCS set is defined
by all paths from the top node ending at the node with value one
(true). It is worthwhile mentioning that non-coherent FTs can be
treated similarly with Zero Decision Diagrams (ZDDs) which are
a variant of BDD supporting combinatorial sets [8].

Fig. 3. MCS as BDD tree

Once the BDD of the MCS set is created, an analysis can be
performed on indicator variables with algorithms specifically
written for the BDD structure. The qualitative analysis relies on
the selection of MCS sets according to specific criteria. This kind
of analysis is easily performed based on the algorithm which can
select a subset of MCSs from BDD with predicates applied to the
indicator variables. The underneath algorithm (Figure 4) imple-
ments a subset selection from the full MCS set represented by the
BDD structure defined on indirect variables.

The essence of the algorithm is to select from a full MCS set
only cut sets for which the predicate results in true value on indirect
variables. With a new minimal cut set the decision is rather simple,
namely, as soon as the terminal node with value one is reached,
the predicate on truth values of indirect variables traversed through
the path can be applied. This part of the algorithm is entailed in
lines 9-14. Not having reached the terminal node means that we
still dwell on a node determined by a single indirect variable (a
single basic event). Subsequently, we can pursue the traversal of
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the BDD graph via the branch containing that variable (full arrow
line), assuming that the predicate responded in value one (true) for
the part of the cut set found. Contrary to that, on a zero (false)
responded value the traversal is carried on with the branch not con-
taining that variable (dotted arrow line). This part of the algorithm
from Figure 4 is displayed in lines 16-20. The lines 6-8 from the
algorithm represent paths leading to the zero terminal node, i.e.,
to the node indicating that the minimal cut set has not been found
through the path. It is important to mention that the predicate for
the cut set selection must return a logical value even if only a part
of the minimal cut set stands. For example, predicates conforming
to that criteria are typical predicates used for the analysis, such as
a maximal number of basic events in a cut set or a minimal cut set
probability value.

The cut set probability evaluation is performed with the
assumption that basic events are independent, in other words, the
probability value of a cut set equals to the product of probabilities
of basic events contained in the cut set. Basically, by introducing
line 17 in the algorithm a significant reduction of the traversal has
been performed resulting in a reduction of the execution time for
the minimal cut set selection. What is more, by introducing the
concept of predicates for the cut set selection we have achieved
a flexibility for the creation of complex selection criteria since
logical expressions defined by predicates can be combined with
common logical operators. For example, it is rather easy to specify
criteria containing cut sets which bear a specific number of basic
events and meet either conditions of a minimal probability value or
conditions containing a specific basic event. In this way we have
achieved a significant flexibility to perform a highly specific quali-
tative and quantitative FT analysis.

Input: MCS(vy,, mes, F, cs)
Output: mes + MCS(vy, F)

1 Vm € Vines // MCS set BOD top node
2 mes = {cs;}f // MCS subset selected with predicate I°
3 F: {El} — B // Selection criteria as predicate
4 ¢cs= {E1} // Current cut set
5 begin
6 if value(v,,) = 0 then

/* Terminal node 0 */
8 return
9 else if value(vy,) = 1 then

/* Terminal node 1 */
10 if F(cs) =1 then

/* Predicate is fullfiled with current cut set cs */

12 mes = mes U es
14 return // Terminal node 1 ends current cut set
15 else

/* Eindex(v,,) basic event indirectly specified with index(vm) */
16 if F(cs U{Eindex(v,)}) = 1 then
18 L return MCS(high(v,,), mes, F,cs U{ Eipden(v,,) })
20 return M CS(low(vy,), mes, F, cs)

Fig. 4. MCS subset selection

The second basic algorithm (Figure 5) represents the calcu-
lation procedure of the conditional probability from the paths in
the BDD graph. Analogously to the previous algorithm the BDD

are calculating the conditional probability provided that the basic
event associated with the indicator variable did not occur. Similarly
to that, in lines 17-19 the conditional probability is calculated assu-
ming that the particular basic event has occurred. In all other cases
we continue with a recursive calculation of the conditional proba-
bility by traversing the BDD structure on left and right branch no-
des (line 22). It is essential to mention that the significant algorithm
optimisation may be achieved by saving the intermediate result of
the conditional probability calculation for that node. In this way a
multiple calculation of conditional probabilities for the same nodes
encountered during the traversal is avoided, which at the end, re-
sults in time efficient computation.

Input: Pr(vs,0)
Output: p + P(o(f)=1)
Data: o(f) sct of indicator variables with known state

1 begin
2 if value(vy) = 0 then
L return ( // Terminal node O
5 else if value(vy) = 1 then
L return 1 // Terminal node 1
8 else
/* probability of basic event Eind(w(uf) */
10 Di = P(Einder(n;y = 1)
11 if o(index(vy)) = 0 then
13 L return (1 —p;) - Pr(low(vy),0)  // Basic event Eingew(s,) =0
14 else if o(index(vs)) = 1 then
16 |_ return p; - Pr(high(vy), o) /1 Basic event Ejpngen(y,) =1
i else
/* Unknown state of the basic event Ejnden(v,) */
19 return
Pr(low(vg), o) + p; - [Pr(high(vs), o) — Pr(low(vy), o)

Fig.s. Indirect evaluation of conditional probability from BDD

Now, a qualitative and quantitative analysis on a fault tree mo-
del may be carried out with BDDs by applying known algorithms
for the determination of a minimal disjunctive normal form of the
logical function presented by the coherent fault tree, which repre-
sents the logical recording of a set of minimal cuts.

III. RESULTS AND DISCUSSION

The previous algorithms are implemented in the C/C++ pro-
gramming language and their correctness and accuracy has been
tested on FT models from the nuclear power plant Krsko. For the
implementation of the BDD algorithm it was necessary to find a
good basic event order by which the BDD representation of the
FT may be traced. The following table brings characteristics of FT
models (column B.E. stands for the number of basic events, co-
lumn Gates is the number of intermediate events) utilized in the
testing as well as properties of the BDD representation of their
complete MCS set.

TABLE 1
REesurLts oN NEK FT TEST MODELS

R . . FT B.E. | Gates BDD MCS Ratio MCS/BDD
structure is traversed in a depth first manner and conditional pro-
babilities are calculated from indicator variables encountered on ap | 409 | 674 4583 228.242.636 49802
the traversal path. Whenever we reach terminal nodes we need to chrgr | 438 | 695 68.904 14.840.731.139.897 215.382.722
re‘Furn the probability Value.: confirmed by the truth ve}lue of ter- dep | 447 | 706 77.595 152.148.878.846.392 |  1.960.807.769
mlr}al nodes, thus, for terminal node one the value 1.0 1S yetumed, ofw | 692 | o957 265,401 1769.060.840.506.752 | 6.669.005.921
while for terminal node zero the value 0.0 is returned. This part of Py Cte
the algorithm is set forth in lines 5-10. Once an intermediate node pst| ©74| 940] 22902 371554422700 10223667
is reached, by checking the truth value of the indicator variable Ipsi | 525 760 26.754 479.582.239.771 17.925.627
from the parameter set (), we may decide on the continuance of sw | 444 | 720 140.486 58.952.275.075.664 419.630.960
the BDD traversal. Thus in 1.1ne.s 14-16 thg travqrsal is coptlnued N [ ooredi | 1319 | 270 | 1050673 | 69.273.024.997.243.046 | 35.494.176.020
case of a zero (false) value indicator variable, i.e., in this case we
cored2 | 1377 | 1633 | 16.524.072 | 2.436.058.751.633.933.343 | 147.424.844.805
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The number of cut sets in MCS set (column MCS) for the te-
sted FT models ranges between 10® and 10", while the BDD size
(column BDD) for the most complex model (cored2) comes to 16.5
million nodes. Since the nodes are represented with a structure of
32 bytes sized we can conclude that the full MCS set for the most
complex model shall need approx. 500MB RAM memory. It is
hard to conceive how much memory it would take for conven-
tional FTA programmes to represent a complete MCS set of the
cored2 model.

Apart from the compact representation, the BDD structure
allows an efficient execution of the mentioned algorithms; e.g., the
selection of the MCS subset according to predicate criteria for a
cut set length equalling to 5 basic events lasts for approx. 2 seconds
on a desktop PC with 8GB RAM and an Intel i5 processor. The
execution time of the algorithm is predominantly influenced by the
selection of the traversal branch which does not meet the predica-
ted condition, i.e., on the branch with a basic event for which the
predicate returns a false value in the early traversal phase (see line
16 of algorithm in Figure 4).

Also, the top event conditional probability calculation by me-
ans of the algorithm from Figure 5 takes on an average less than
one second even for the probability of a top event without any
condition on indicator variables. This is the most complex case,
since BDD traversals are performed through each node. However,
once the result for every node is saved (a single double precisi-
on number) we can reuse the calculated result which significantly
speeds up the calculations, as by this the complexity of the algo-
rithm becomes proportional to the number of nodes in the BDD.
Effectively, for the most complex model we achieved the worst
case complexity of order double precision operations. The # in
the complexity order represents the number of nodes from the
BDD. The above written indicates an outstanding compact BDD
representation (column Ratio MCS/BDD) of the MCS set and a
remarkably efficient implementation of the analysis algorithm. The
respective column indicates the average quantity of paths going
through a BDD node.

Recently [9], besides the BDD representation compactness
the results of the quantitative analysis performed on BDDs were
thoroughly compared to the results obtained with conventional
FTA tools. The authors compared the results obtained by means
of these two techniques (conventional and BDD) on the Liebstatdt
NPP model (KKL) and found some interesting outcomes. For ex-
ample, they established that a “substantial reduction in CDF/FDF
was achieved for KKL PSA model” signifying that the application
of the BDD approach may have potential on the reduction of risk
metrics in other models, too. It is worthwhile mentioning that the
BDD quantitative analysis approach results in exact values, there-
by not having any biases commonly occurring with conventional
approaches.

IV. CONCLUSION

The preparation of the basic event ordering for the application
of BDD methods makes the most important task of the analysis
based on the BDD structure. The ordering procedure alone is the
principal time consuming task; luckily it is performed only once
and does not have to be repeated for other calculations. Along with
the ordering, the MCS set is also computed once and needs not to
be repeated unless the structure of the FT model has been changed.
The exceptional compactness of minimal cut set recordings gained
by the BDDs technique ensures the recording of a complete set of
MCSs. The complete MCS set is defined by a logical function on
indicator variables defined from the FT model. Once the complete
MCS set has been found, the analysis is repeatedly performed by
changing the conditions. For example, changing the probability of
a basic event occurrence or defining different selection predicates
enables a repeated analysis without MCS set re-determination.

The most distinguished advantage of the BDD based FTA is
its compact representation and the fact that the qualitative and qu-
antitative analysis can be performed on complete MCS sets. Actu-
ally, the numerical precision of the calculations does not depend on
the number of cut sets in the MCS set entirely unlike conventional
FTA approaches that must re-compute a part of the MCS set and
perform analysis thereon.

Another important feature of BDD based algorithms is that the-
ir complexity is proportional to the number of BDD nodes and by
this, they do not depend on the number of cut sets in the complete
MCS set. Thus, not only do BDDs show (under the condition of
an appropriate variable order) an acceptable time complexity for
the implementation of algorithms for determining and analysing
MCSs but also enable a compact recording of complete or partial
sets of MCSs singled out in that way. Along with this, the compact
BDD representation allows the development of new and improved
analysis techniques since a complete MCS set is available for the
implementation of such algorithms. This circumstance opens new
prospects for further research and development of BDD analysis
methods, especially in the field of nuclear energetics which utilizes
the most complex FT models.
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The progression of Guarantees of Origin trading in
Croatia amidst the European framework

Marko Kelava, Martina Vajdi¢, Boris Dokmanovié¢

Summary — This article explores the progress and development
of Guarantees of Origin trading in Croatia, specifically focusing on
the regulatory framework implemented by the Republic of Croatia.
The responsibility for issuing Guarantees of Origin for electricity and
managing the Registry of Guarantees of Origin lies with the CROA-
TIAN ENERGY MARKET OPERATOR Ltd. (HROTE). The Croa-
tian Registry of Guarantees of Origin was established in 2014, and full
implementation commenced in February 2015 with the registration
of the first users.In alignment with the Law on Renewable Energy
Sources and Highly Effective Cogeneration, HROTE, as the leader of
the ECO Balance Group for incentivized electricity production, be-
gan selling a portion of the energy produced on the trading platforms
of CROATIAN POWER EXCHANGE Ltd. (CROPEX) since the
beginning of 2019. This shift towards market-based electricity sales
created an opportunity to establish a system for trading Guarantees
of Origin, specifically for electricity produced by eligible incentivized
producers and sold on CROPEX markets by HROTE. The issuan-
ce of Guarantees of Origin for relevant power plants occurs within
the Croatian Guarantees of Origin Registry, where they are sold to
market participants based on market principles through Guaran-
tees of Origin Auctions. CROPEX organizes these auctions using a
specially developed IT auction trading platform. Once an auction is
successfully completed, the raised funds are transferred to the incenti-
vized system fund, and the sold Guarantees of Origin are transferred
from HROTE’s account in the Guarantees of Origin Registry to the
user accounts of the auction participants. Overall, Guarantees of Ori-
gin empower end customers to determine the source of their suppli-
ed electricity, enabling them to make informed choices. This energy
certification process verifies that consumers have purchased energy
from renewable sources. Guarantees of Origin also serve as effective
tools for promoting the use of renewable energy sources and attrac-
ting investments in renewable energy generation. Consequently, they
contribute to achieving targets related to renewable energy utiliza-
tion. The article also delves into the background and development
of Guarantees of Origin trading in Croatia, positioning the country
as a leader in this domain within the European context. It includes
a comparative analysis of the Guarantees of Origin market in the
United Kingdom as a reference point, with consideration given to
the impact of Brexit on Guarantees of Origin markets. Additionally,
the article explores the segregation of Guarantees of Origin auctions
based on specific technologies and their characteristics. For instance,
Guarantees of Origin from biomass power plants are sold through
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two different auctions based on the plant’s installed capacity, while
Guarantees of Origin from wind power plants are also sold through
two auctions, but contingent on the commissioning start date. These
distinctions lead to varying prices depending on the technology’s age
or installed capacity.

Keywords — Guarantees of Origin, Energy certification, trading,
auction, renewable energy sources, high-efficiency cogeneration,
CROATIAN POWER EXCHANGE Ltd. (CROPEX), CROATIAN
ENERGY MARKET OPERATOR Ltd. (HROTE)

1. INTRODUCTION

onducting auctions of Guarantees of Origin in Croatia refers
‘ to electricity produced in the production facilities of eligible

electricity producers who have a valid contract for the pur-
chase of electricity concluded in accordance with the Tariff System
for production of electricity from renewable energy sources and
cogeneration.[1]

CROATIAN ENERGY MARKET OPERATOR Ltd. (HRO-
TE) determines the number of Guarantees of Origin (GO) it sells at
auctions of Guarantees of Origin in accordance with the definitions
and provisions of the Decree on the Establishment of the System
of Guarantees of Origin of Electricity (Official Gazette 28/23).[1]

Guarantees of Origin HROTE sells at auctions conducted by
CROATIAN POWER EXCHANGE Ltd. (CROPEX). CROPEX
is the central contracting party that enables the sale of Guarantees
of Origin by matching the bids of the auction participants with the
offer of HROTE for the sale of the number of Guarantees of Origin
at auction through the auction system.

To participate in the auction of Guarantees of Origin at CRO-
PEX, each participant in the auction with an agreement on partici-
pation in the auction of Guarantees of Origin must have an account
in the Croatian Register of Guarantees of Origin maintained by
HROTE or in one of the registers of Guarantees of Origin affilia-
ted to the AIB (Association of Issuing Bodies) system hub. AIB is
a Brussels-based organization that regulates the European energy
certification system, the so-called EECS (European Energy Certi-
ficate System) [2], to which HROTE joined as a full member on
23 May 2014.[1]
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II. GUARANTEES OF ORIGIN IN THE WIDER EUROPEAN
CONTEXT

Although the paper is dedicated to Guarantees of the Origin of
electricity in the Croatian context, this short chapter provides an
overview of the wider European context. This context is primarily
related to the Clean Energy for All Europeans package, which pro-
motes the three main objectives of European policy:

e putting energy efficiency first,
e achieving global leadership in renewable energy sources,
»  providing a fair deal for consumers.[2]

In the energy markets of the future, consumers will play an
active and central role, including in the electricity market. Con-
sumers across the EU will have a better basis for supply choices,
access to reliable energy price comparison tools and the ability to
produce and sell their own renewable electricity. Increased tran-
sparency and better regulation give citizens more opportunities to
become more involved in the energy system.

Furthermore, the importance of energy policy issues is growing
around the world, especially those related to clean energy and
energy efficiency. Policy instruments that support the monitoring
of energy sources and the disclosure of this information to consu-
mers will play a key role in the transition to a sustainable future.[2]

Within the EU, unique GO issued in accordance with EU di-
rectives have the function of proving to the end customer the sour-
ce of energy from which the energy they consume is produced.
Guarantees of Origin can be transferred between account holders
regardless of the energy to which they relate.[2]

Directive 2009/28/EC of the European Parliament and of the
Council of 23 April 2009 on the promotion of the use of energy
from renewable sources and the subsequent amendment of Directi-
ve 2001/77/EC and Directive 2003/30/EC introduced an obligation
to establish a system of Guarantees of Origin and specifically for
the purpose of publishing data on the primary energy source as
referred to in Directive 2009/72/EC of the European Parliament
and of the Council of 13 July 2009 on common rules for the internal
market in electricity repealing Directive 2003/54 / EC.[3]

The regulatory framework for the implementation of the gu-
arantees of origin system is defined by the Energy Act (Official
Gazette 120/12, 14/14, 102/15), which stipulates that an energy origin
guarantee system is introduced to end customers for the purpose
of proving the share of energy produced from individual energy
sources.

Guarantees of Origin is an electronic document for the purpose
of proving the origin of energy to the customer in such a way that
a certain share of electricity used for its consumption is produced
from a specific primary energy source and should be the standar-
dized size of 1 MWh. A GO shall be issued either for electricity
produced from a plant using a renewable energy source or from a
high-efficiency cogeneration plant, exclusively at the request of a
privileged producer. Eligible manufacturers for incentive system
installations entitled to an incentive price are not entitled to partici-
pate in the GO system.[3]

For the purposes of the RES Directive, energy from renewable
sources is defined as “energy from renewable non-fossil sources,
namely wind, solar, acrothermal, geothermal, hydrothermal and
ocean energy, hydropower, biomass, landfill gas, sewage treatment
plant gas and biogases”.

The RES Directive requires the Member States to give produ-
cers the opportunity to obtain electronic GOs for energy generated
from these sources. The Member States shall as such issue GOs
for electricity, gas (including hydrogen) and heating and cooling.

Article 19 of the existing Renewable Energy Directive states that
each GO should contain information including but not limited to:

*  Energy source;

e Start and end dates of production;

. Gener.ator identity, location, type, date of operation, and
capacity;

*  Whether the GO relates to electricity or heating or cooling;

e Whether the installation benefits from state support;

*  Date and country of issue; and

e Unique identification number.

There is no fixed price for a GO, and their value depends on
market demand.

III. ORGANIZATION OF THE AUCTION OF (GUARANTEES
OF ORIGIN IN CROATIA

In accordance with the Law on Renewable Energy Sources and
High-Efficiency Cogeneration, HROTE, as the head of the ECO
balance group consisting of eligible electricity producers for which
the electricity purchase agreement is in force from the beginning
of 2019, started selling 30% of electricity on the electricity market
through CROPEX trading platform.[5]

With the transition of HROTE to the market sale of electricity,
the possibility of establishing a system of selling GOs of electricity
on a market basis has opened, precisely for electricity produced
by eligible producers in the incentive system. Namely, GOs for
the production of electricity from the plants in question can be
issued within the Croatian Register of Guarantees of Origin and
sold according to market principles, i.c., through auctions of GOs.
During 2019, HROTE issued GOs for 30% of the electricity of eli-
gible producers in the incentive system sold on the electricity mar-
ket through the ECO balance group, which were then sold on the
market through auctions of GOs, i.e., through CROPEX’s auction
system.[5]

After the conclusion of the auction and successful purchase
and sale of GOs, the collected funds are transferred to the incenti-
ve system fund, while on the other hand sold GOs at auctions are
transferred from HROTE’s account in the Croatian Registry of Gu-
arantees of Origin to the user accounts which buy GOs. For 2019,
the percentage or share of electricity of eligible producers in the
incentive system sold was 30% or 899,199 GOs. On the other hand,
in 2020, the percentage or share of electricity of eligible producers
in the incentive system sold was 60%, i.e., a total of 1,546,305 GOs
and in 2021 2,030,603 GOs. [5]

Based on metering data from the billing metering point of the
production plant, i.e., the control metering point of the production
unit of the eligible producer in the incentive system obtained from
the transmission system operator and the distribution system ope-
rator, HROTE determines the number of GOs be sold at auctions.
HROTE also determines the minimum price of the GO offered at
the auction for each individual auction. HROTE and CROPEX are
obliged to publish on their websites the specification, date and time
of the auction.[1]

The list of GOs auctions organized on CROPEX auction plat-
form in 2020 and 2021 are shown in Tables 2 and 3.
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TABLE 1.

REGISTER OF GOS IN CROATIA

The registry of Guarantees of Origin (GO): period 1/1/2020-31/12/2020
The total sum of all
" transactions GOs on
:‘:ﬂ:::n date [Account holder MName of account Address of the account holder ;::;:unt RS role iR account holder's account
in the period 1/1/2020-
31/12/2020 (MWh)
21.4.2015. HEP-Opskrba d.o.o. 643002406600047167 Ulica grada Vukovara 37, ZG A0XX20F REK Supplier 5.347.762|
21.52015.  |GEN-I Zagreb d.o.o. 643002406600047716  |Radnicka cesta 54, ZG A0XY21WN4S Supplier 16.901
17.8.2015. Proenergy d.o.o. £43002406600048058 Ulica grada Vukovara 284, 7G 40XL245TBQ Supplier ol
20.10.2015. |E.ON ENERGIJA d.o.0. 843002406600048232  |Capraska ulica 6, ZG A0XR74MD2Y Supplier 48693
27.10.2015. HEP-Proizvodnja d.o.o. 643002406600048317 Ulica grada Vukovara 37, ZG A0XY25GQ1X Producer 9.616.786|
21.32016. |CRODUX PLIN d.o.0. 643002406600049215  |Savska Opatovina 36, ZG 40XT29EQOM Supplier 198
17.3.2017.  |ADRIA WIND POWER d.o.0. 843002406600050990  |VaraZdinska 61, Sesvete A40XHBOARSM Producer 10.080)
VIETROELEK TRANA TRTAR-
30.11.2018.  |KRTOLIN d.o.0. 643002408600052567  |goze Pericica 30, Sibenik 40XZ0BF 62 Producer 55.736)
22.01.2019. |ZAGREBACKI HOLDING do.o.|  843002408600052703  |\jjica grada Vukovara 41, 2G A0XKT2RMBY Producer 40278
25.01.2019. |HIDRO-WATT d.o.o. 643002406600052710  |OZujska 21, ZG 40XD27KMBC Producer 7.835
28.08.2010. |HEP d.d. 643002406600062627*  |Ulica grada Vukovara 37, ZG 40XH57YZ3L Trader 56.080)
23122015, |PETROL d.o.0. 543002406600063051°  |Oreskovideva 6/h, ZG A0XN18BCAD Supplier 15.308|
ENERGIA GAS AND POWER Ulica Alexandera von )
28.022020. |d.o.o. 643002406600063426°  |[Humboldta 4 B, ZG 40XZ59SATC Supplier 211.900)
04.03.2020. |ENERGY SUPPLY EOOD / Grafa Ignatijeva 2, BUGARSKA |  #0XF26BZ8W Trader 0
16.03.2020. |HOPS d.o.0. 643002406600063563°  |Kupska 4, ZG 40XBI1KCT6 Supplier 183.790)
Terremoto Energo-Projekt
18.052020. |d.o.o. 643002406600063778°  |Goricanska 23, ZG ADXK38XCE2 Trader 178.928

TaBLE II.

List oF GOS AUCTIONS IN 2020 [6]

. o ] Auction GOs Price
List of auctions in 2020 Auction type date sold EUR/GO
Production from Q4/2019 WIND 2020-01-21 274,482 0.36
Production January-February 2020 BIOMASS 2020-03-16 69,227 1.11
Production January-February 2020

(Comm. date 12-2015 to 12-2019) WIND 2020-03-16 102,029 101
Production January-February 2020 L

(Comm. date 12-2009 to 12-2014) WIND 2020:03-16 125092 020
Production March-April 2020 BIOMASS 2020-05-20 64,486 1.50
Production March-April 2020

(Comm. date 12-2015 to 12-2019) WIND 2020-0520 147806 1.21
Production March-April 2020

(Comm. date 12-2009 to 12-2014) WIND 2020-05-20 143,961 0.17
Production May-June 2020

(Comm. date 06-2015 to 05-2020) BIOMASS 2020-07-21 73,197 1.52
Production H1/2020

(Comm. date 09-2010 to 05-2014) BIOMASS 2020-07-21 6,351 0.14
Production May-June 2020

(Comm. date 12-2015 to 12-2019) WIND 2020-07-21 142823 08
Production May-June 2020

(Comm. date 12-2009 to 12-2014) WIND 2020-07-21 97,861 0.16
Production July-August 2020

(Comm. date 06-2015 to 08-2020) BIOMASS 2020-09-18 65,175 1.35
Production July-August 2020 no.

(Comm. date 12-2009 to 12-2014) WIND 2020-09-18 73,893 0.12
Production July-August 2020 o

(Comm. date 12-2015 to 05-2020) BelD AlEveRae o gagms L
Production September-October 2020

(Comm. date 06-2015 to 08-2020) - inst. cap. < 5 MW BIOMASS 2020-11-19 43,850 1.61
Production September-October 2020

(Comm. date 12-2015 to 09-2020) - inst. cap. = 5 MW e ARG e i
Production September-October 2020

(Comm. date 12-2009 to 12-2014) WIND 2020-11-19 91,791 0.16
Production September-October 2020 WIND 2020-11-19 132,440 0.86

(Comm. date 12-2015 to 05-2020)
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TaBLE III.

List orF GOS AUCTIONS IN 2021 [6]

List of auctions in 2021 Auction type Auction date GOs sold
P(ggﬁcﬂég;;/gg-zz% 1 to 05-2014) BIOMASS 2021-01-21 2,574 0,25
e L LN
it Nover e DL 2020 e
P('ggr‘fntqif’ga"t‘g‘q"érf‘z%f;?gcoeS”_‘;ngsozo WIND 2021-01-21 174.625 0,65
P(gg;crﬂ?ga’\tlg \qezr?z%e;r(-)ljtgﬂezn:uzbg; 42)020 WIND 2021-01-21 100.495 0,09
s -
Production January-February 2021 BIOMASS 2021-03-19 30444 017

(Comm. date 12-2015 to 09-2020) - inst. cap. = 5 MW
Production January-February 2021 WIND

(Comm. date 12-2015 to 05-2020) ARSI LY oA
'?&dn‘q‘cmﬂlo(;‘af:q;"j‘%f g‘fg“f‘gz%ﬁ) WIND 2021-03-19 115.080 0,20
P{gg;cﬂ?gx; [)?—22812 ; t0 08-2020) - inst. cap. < 5 MW loliest AR el Zi
P(ré:)g;cr:qi?gstﬂ: qczhzggf ot 09-2020) - inst. cap. = 5 MW BIOMASS 2021-04-21 15.400 0,28
gggq“rﬁiggt';"?g’_ggfglo ! WIND 2021-04-21 103.100 0,27
F(’é%dﬁﬁﬁpga?ﬂaég%??to 12-2014) WIND 2021-04-21 61.091 0,22
P{gg;cﬂ?ggsrgéga 5 t0 08-2020) - inst. cap. < 5 MW ELOLIAES ANEREEA PRI e
P{Sﬂﬁfﬁi‘.’ﬂQﬁ?ﬁ%ﬁ 5 t0 09-2020) - inst. cap. = 5 MW BIOMASS 2021-05-19 16.771 0,51
Fc;g?nun?iggtéﬁrg-%%ﬂs to 05-2020) Gl AR S Ui
Té%dn:ﬁ:i.o;afepgg 2%11 2 t0 12-2014) WIND 2021-05-19 53377 0,47
P{gg;c;i?g;\{l: 36212%# 510 32-221021) - inst. cap. <5 MW st AV @ ee 29
P(rc(;)g;cr:?g;\t/l: >1lzanz(3ﬁJ 510 58?21020) ~inst. cap. = 5 MW BIOMASS 2021-07-22 33.796 0,45
ggfn“rﬁi‘c’jgt';"% _32%1 é“t?,eo?ff&zm WIND 2021-07-22 113.363 0,49
Tcr:%dr;lﬁ:i.ocjr]ameqyz?gg%u%efzo-zzz)14) WIND 2021-07-22 7789 0,43
P(rgg#mcr:?E:t%g?goﬁ\gggsgsz-%;1) - inst. cap. <5 MW Bt AR Srn 2,76
P(lgg;cr:?ge\ljt?{l 2?2(:’0?;9(33(;72—2%121) - inst. cap. = 5 MW BIOMASS 2021-09-22 32.160 0,76
fcrgfn“nﬁfiggt‘é“%f‘;&é‘ig‘gg_%%%) WIND 2021-09-22 134540 0,78
'?&dnﬂf;i?c;‘af:%’Zﬁgggufouftz?gg: " WIND 2021-09-22 59.406 0,78
FGartrn, et 062015 10,06,5001) - Inet, cap, < 5 MY BIOMASS 2021-11-23 57.958 2.21
o, e 15-3016 1 07.200) -Inst, cap, 2.5 MW BIOMASS 2021-11-23 40.160 0.58
ggf'n“rﬁfi32;?;%??;”&%%;8” 2z WIND 2021-11-23 187.222 0,70
Production September and October 2021 WIND 2021-11-23 62.263 0,67

(Comm. date 02-2012 to 12-2014)
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3.1 CROATIAN GOs AUCTION RESULTS 3.1.2 AUCTIONS ORGANIZED IN 2021

In this chapter, the results of GOs auctions organized by HRO- 140,000 0.90
TE and CROPEX depending on the source of energy, wind or bio- 120,000 0.80
mass are shown. Results of GO auctions are divided depending on 100,000 ggg
the commissioning date, while the results for biomass are additio- 80,000 0.50
nally analyzed dependent on the installed capacity. 60,000 0.40

0.30
40,000
0.20
20,000 0.10
A 0 0.00
3.1.1 AUCTIONS ORGANIZED IN 2020
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IV. ANALYSIS OF THE UK (FUARANTEES OF ORIGIN
IMPACTED BY BREXIT

In the United Kingdom (UK)) Guarantees of Origin certificates
are known as REGOs (Renewable Energy Guarantees of Origin).
UK energy regulator Ofgem (Office of gas and electricity market)
issues one REGO certificate per megawatt-hour (MWh) of eligible
renewable output to generators of renewable electricity.

In line with the activities of BREXIT, which started from 1% of
February 2020, The European Commission (EC) has stated that
from 1 January 2021 onwards REGOs will no longer be reco-
gnized by the EU Member States. Based on the EDC statistics, it
appears EU countries have already acted to reduce their import of
REGOs prior to the end of the Brexit transition period. On the con-
trary, Ofgem has stated that they will still be accepting GOs from
the EU Member States, which will enable UK electricity suppliers
to continue to use them in order to comply with their fuel mix dis-
closure obligations, which requires licensed electricity suppliers to
disclose to potential and existing customers the mix of fuels used
to generate the electricity supplied. This has to be done by the 1*
July of each year. The indication is that in the long-term, recogni-
tion of GOs from the EU Member States will continue only on a
reciprocal basis.

REGO auctions are organized by e-POWER, on a quarterly
basis. According to e-POWER, prices seem to be on an upward
trend, with an increasing number of REGOs required to support
more domestic and business green electricity tariffs as well as lar-
ge corporates using REGOs as part of their ESG (environmental,
social and governance impacts) reporting. In the last auction, 15
active bidders bid with over 3,500 bids.

TaBLE IV.
E-POWER REGO AucTioN RESULTS [7]

EU, the effect on the overall EU market is expected to be minimal
given the small volume exported from the UK. In the interim, whi-
le EU GOs are still valid for use in the UK, there is expected to be
some administrative burden for traders. However, large changes in
activity or prices are unexpected due to Brexit with current arran-
gements.[9]

V. GOs PrICE OVERVIEW ACROSS THE EUROPE

Because the supply of renewable energy has tended to outstrip
demand, average prices for European GOs have been relatively
low, compared to power prices. During the summer of 2021, pri-
ces were quoted around an average of 0.45 EUR/GO for energy
generated in 2021 from the main product groups of hydro, wind,
solar, and biomass. However, strong market activity in September
2021 has seen these prices almost double, with prices for 2022 and
2023 generation quoted at twice as much — around 1.30 EUR/GO.
At present, the GO market is not very transparent, with very little
public exchange trading. Most contracts and prices remain private
between the parties involved. The most publicly available prices
for European GOs come from national auctions set up to sell GOs
on behalf of countries that do not issue them to producers who
benefit from public support schemes.[10]

However, these prices do not tell the whole story. Some speci-
fic GO products sell for up to 10 times the prices seen above. The
market for Dutch wind is often noted as being one of the most
competitive — Dutch wind was quoted at 2.70 EUR/GO in July
2021 for 2021 supply. The Dutch national rail company has an en-
tirely electric fleet powered by local renewables and coupled with
strong local demand from other Dutch consumers, GOs for Dutch
wind tend to trade at significantly higher prices than the rest of the
market. The value of other GOs, such as those included in PPAs or
in domestic renewable electricity offers, may be higher or lower
and may not be specified separately from the total cost of each
MWh of renewable electricity, i.e., power price + GO price. In ge-

e-REGO track record
mmm-“

09-Dec-21 £ 4.25 427 £ 497
08-Oct-21 £ 210 £ 2.10 nla £ 205 £
06-May-21 £ 0.09 nla £ 003 £ 0.08 £
09-Feb-21 £ MW £ 008 £ 005 £
08-0ct-20 n/a nla £ 008 £ 0.06
16-Jul-20 n/a nla £ 012 £ 010 £
05-May-20 nia nia n/a nfla £
11-Mar-20 nia nia nfa nla £
30-Jan-20 n/a nla nfa £ 015 £
10-Sep-19 £ 040 £ 053 £ 051 £ 051 £
23-May-19 £ D.22 nia nla £ 017 £

REGOs relating to Compliance Period 19 (April 2020 to March
2021) across all technologies were sold in the auction, but huge
demand for “Deep Green” certificates (certifying solar PV, hydro
and wind generation) pushed prices up to well over double the cu-
rrent market rates, and up fourfold on the last auction. The auctions
helped to deepen the market for REGOs, increasing their value for
renewable energy generators.[§]

While UK GOs have effectively been ruled out for usage in the

£ 617 £ 6.20

3.00 £ 294 £ 3.00 Apr 21 Certificates onwards
070 £ 072 £ 0.70 Apr 20 to Mar 21 Certificates
0.16 £ 016 £ 0.18 Notes

nla £ 014 £ 0.15
019 £ 022 ¢ 0.07 Apr 20 to June 2020 Certificates
010 £ 0.05 £ 0.08 CF18
015 £ 017 nla
028 £ 026 £ 0.30
050 £ 058 £ 0.62
028 £ 022 £ 0.23

neral, GO prices will rise in Europe as renewable energy demand
catches up with GO supply.[10]

In 2021, unlike in 2020, it can be noticed that there is almost no
difference in wind GOs price between GOs from ‘old’ and ‘new’
power plants (comm. date before and after 2015). Furthermore, it
is noticeable that the only thing that remained the same is a signi-
ficant difference between ‘combo’ GOs (small biomass <5 MW)
from all other GOs. The reason for this does not lie in Brexit. The
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value of the new power plants >sMW depends on the contract for
differences (CFD) value in the United Kingdom (UK). Currently,
the power prices are very high and thus the value of those GOs
has decreased significantly. The new power plants <sSMW are eli-
gible for CFD and FIT exemption at the same time — thus their
value is less affected by the lower power prices. The GOs of “new”
power plants can be used in the UK by electricity suppliers to offset
payments related to CfD levelisation (it’s a green subsidy), so until
recently, they were bidding at a premium for these GOs. Given that
the participants in the auctions of guarantees of origin organized
by HROTE and CROPEX come from different European coun-
tries, this explains that the price movement of GO at CROPEX
is closely related to the price movement in the UK. Separation of
auctions depending on the technology, age and installed capacity
of the plant has so far proved to be a very good solution that makes
it easier for auction participants to obtain a certain certificate (GO)
at the desired price.
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Corrosion Detection and Surface Repair with Coatings
on Condensate Storage Tanks Internal Surfaces

Matija Gulis, Sanja Smiri¢, Lenart Pusnik

Summary —In the Nuclear power plant Kr$ko, there are two sin-
gle hull condensate storage tanks with floating diaphragm each con-
taining up to 757 m? of demineralized water. The main purpose of
these two storage tanks is to provide a capacity of cooling water for
cooling the reactor coolant system via steam generators with the use
of auxiliary feedwater pumps. This is a very important function from
the safety point of view and that is the reason that both storage tanks
are listed as safety class 3 components. It is also possible to fill up the
condensate system if other means are not available. Condensate sto-
rage tanks are subject to periodic testing and periodic inspections to
determine the condition of the components. Both tanks are in ope-
ration since the start-up of the powerplant, are located outside, and
are exposed to different degradation processes. There was a concern
that the tanks are leaking because there were often small puddles of
water near the tanks. There were no changes in the levels of tanks.
The design of tanks is a single hull, so there is no indication if a small
leak is present. In the outage 2018, both tanks were emptied and exa-
mined with NDE methods to find any corrosion damage of bottom
plates and any untight spots on adjacent welds. The article is about
the NDE methods that were used (Magnetic Flux Leakage, Ultrasonic
and Vacuum Box inspection) to determine the condition of the floor
plates and adjacent welds as well as the process of internal surface
reparation with coatings. Process of coatings qualification for use
in safety class components is also explained: dedication process for
material up-grade from non-safety related to safety-related because
CY tank linings are classified as safety-related according to RG 1.54,
rev 2 and corresponding ASTM standards and NEK technical speci-
fication SP-As001. All activities for surface repair with coatings shall
comply with safety-related requirements. Also, extensive immersion
tests with selected and specially defined parameters were performed
in NEK chemical laboratory in order to select the most suitable coa-
ting system for surface repair of CY tank floor lining. Further details
concerning immersion tests are presented below.

Keywords — Corrosion, Condensate Tank, NDE, Coating, Aging
Management

I. INTRODUCTION

n the Nuclear power plant Krsko, there are two single hull
condensate storage tanks with floating diaphragms each con-
taining up to 757 m3 of demineralized water. They are designa-
ted as CY101TNK-001 and CY101TNK-002 respectively (Fig-
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ure 1). The main purpose of these two storage tanks is to provide a
capacity of cooling water for cooling the reactor coolant system via
the auxiliary feedwater system. When needed, the water from the
condensate storage tanks is pumped with two motor-driven pumps
or one steam-driven auxiliary feedwater pump in two steam ge-
nerators to cool down steam generators. This is a very important
function from the safety point of view and that is the reason that
both storage tanks are listed as safety class 3 components. The dia-
meter of each tank is 10,6 m with a height of 9,5 m, the nominal
thickness of bottom plates is 9 mm and the nominal thickness of
shell plates is 15 mm. The material of the plates is carbon steel,
which is susceptible to corrosion if it is not treated properly with
the coatings. Both tanks are in operation since the start-up of the
powerplant, are located outside, and are exposed to influence of
the environment. Long-term exposure to environmental conditions
can result in a build-up of different degradation mechanisms. Due
to the combination of carbon steel and environmental conditions,
different forms of corrosion are expected to occur through the li-
fetime of the components. Condensate storage tanks are subject to
periodic testing and periodic inspections to determine the conditi-
on of the components. Tanks are monitored through the following
plant programs: ADP-1.4.235; Preventive maintenance program
for secondary side stabile equipment, TD-2ZZ; aging management
program - Above grounds metallic tanks program [1] and TD-A2r;
aging management program - Internal coatings/linings for in-scope
piping, piping components, heat exchangers and tanks [2]. The first
program is more operational related, while the other two programs
are oriented more toward long-term operation and for managing
potential degradation mechanisms.

Fig. 1. Condensate storage tanks I and 2
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Fig. 2: Possible signs of leakage on tank 1

There was a concern that the tanks are leaking because the-
re were often small puddles of water nearby the tanks (Figure 2)
although there were no measurable changes in the levels of tanks.
The tanks are designed as a single hull construction, so there is no
indication if a small leak is present. The first concern, that there
might be some leaks present on tank no.r was reported through
the Corrective Action Program (CAP) already in 2013 [3]. The
following inspection in 2013 was a visual inspection with the addi-
tion of ultrasonic (UT) thickness measurement by the 25 cm grid
and did not find any deviations from the normal state of the com-
ponent. Concern for degradation of bottom steel plates was still
present, because of the scarcity of the UT thickness measurements.
For the following outage in 2016 draining of both tanks was not
planned, so only during the outage 2018 complete inspection was
possible.

In the outage 2018, both tanks were emptied and examined with
Non-Destructive Examination (NDE) methods to find any corro-
sion damage to bottom plates and to locate any untight spots on
adjacent welds [4]. Magnetic Flux Leakage (MFL) was recognized
as the most suitable NDT method for the detection of any deviati-
ons of the bottom plates thickness due to the corrosion. With this
technique, the full coverage was obtained and not only spot mea-
surements as in the 2013 UT inspection. Ultrasonic — UT inspection
was still used for interpretation and exact measurement of indicati-
ons obtained with the MFL technique.

With the UT measurements, on some locations, it’s been con-
firmed that the thickness of bottom plates is less than 50% of the
nominal plate thickness (t <t ). Nominal thicknessist =gmm

meas nom nom

and measured thickness aret _ =4mmandt _=2mm).

Corrective actions were taken in a form of welded steel patches
on affected areas where t <t . Before coating, steel patches

welds were tested with the Vacuum Box technique for tightness.

As for the finish, treatment of repaired surfaces was performed
with the use of qualified coatings for such application, because CY
tank linings are classified as safety-related according to Regulatory
Guide 1.54, rev. 2 [5], corresponding ASTM standards and NEK
technical specification SP-A5001 [6]. For potential coatings, exten-
sive immersion tests with selected and specially defined parame-
ters were performed in NEK chemical laboratory to select the most
suitable coating system for surface repair of CY tank lining and
dedication process for material up-grade from non-safety related
to safety-related.

II. PLANT SPECIFIC PROGRAMS: TD-277 AND TD-A21

A. TD-277: ABOVEGROUND METALLIC TANKS AGING
MANAGEMENT PROGRAM

This program [1] manages the effects of loss of material on the
outer surfaces of above-ground tanks constructed on concrete or
soil. This program credits the standard industry practice of coating
or painting the external of steel tanks as a preventive measure to
mitigate corrosion.

The program relies on periodic inspections of metallic tanks
(with or without coatings) to manage the effects of corrosion on
the intended function of these tanks. Because lower portions of the
tank are on concrete or soil, corrosion may occur at inaccessible
locations. Visual inspections cover the entire outer accessible sur-
face of the tank and inaccessible outer surfaces are inspected by
UT and MFL from inside when tank is empty.

Accordingly, verification of the effectiveness of the program
is performed to ensure that significant degradation in inaccessible
locations is not occurring and that the component intended functi-
on is maintained during the period of extended operation.

The scope of the TD-2ZZ program are CY1o1TNK-o0o1 and
CY101TNK-002 (condensate system) and DO100TNK-003 (diesel
oil system).

This program utilizes periodic plant inspections to monitor
the degradation of coatings, sealants, and caulking because it is a
condition directly related to the potential loss of materials. Addi-
tionally, thickness measurements of the bottoms of the tanks are
made periodically for the tanks monitored by this program as an
additional measure to ensure that the loss of material is not occu-
rring at locations that are inaccessible for inspection.

Degradation of an exterior metallic surface can occur in the
presence of moisture; therefore, an inspection of the coating is per-
formed to ensure that the surface is protected from moisture. Con-
ducting periodic visual inspections at each outage to confirm that
the paint, coating, sealant, and caulking are intact is an effective
method to manage the effects of corrosion on the external surface
of the component except the inaccessible outer surfaces. Potential
corrosion of tank bottoms is determined by taking non-destructive
examination methods shown in Table 1.

TABLE 1

INSPECTION SCOPE FOR PROGRAM TD-277

Examination

Tank label method Scope Frequency
Visual

CY101TNK-001 and 002 - External surface | 1 per year
examination

CY101TNK-001 and 002 |*UT and *MFL | Bottom thickness |1 per 6 years

DO100TNK-003 V|sua! ! External surface | 1 per year
examination

*(UT) ultrasonic testing thickness measurements
*(MFL) Magnetic flux leakage

The effects of corrosion of the inaccessible external surface are
detectable by UT thickness measurement of the tank bottom and
are monitored and trended if significant material loss is detected
where multiple measurements are available.

Acceptance Criteria: Any degradation of paints or coatings
(corrosion) is reported and requires further evaluation. Corrosion is
unacceptable and needs to be evaluated using the corrective action
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program. UT thickness measurements of the tank bottom are eva-
luated against the design thickness and corrosion allowance. Any
measurements of the tank bottom thickness smaller than 5.0 mm
require further evaluation and repair.

Minimal tank bottom thickness criteria is determined in stan-
dard EEMUA Publication 159, Above Ground Flat Bottomed Stor-
age Tanks: A Guide to Inspection Maintenance and Repair, Edition

55

TD-A21: INTERNAL COATINGS/LININGS FOR IN-SCOPE PIPING,
PIPING COMPONENTS, HEAT EXCHANGERS AND TANKS [2]

This program includes internal coatings/linings that are perma-
nently, temporary or in case of anticipated transient conditions im-
mersed in various media: diverse water (closed-cycle cooling, raw,
borated and waste water), fuel or lubricating oils and are safety-re-
lated - internal coatings/linings of in-scope piping, piping compo-
nents, heat exchangers, and tanks exposed to closed-cycle cooling
water, raw water, treated water, treated borated water, waste water,
fuel oil, and lubricating oil where the loss of coating or lining in-
tegrity could prevent the satisfactory accomplishment of any of the
SSC’s (structures, systems, components) intended functions.

III. MONITORING, TESTING AND INSPECTION ACTIVITIES

At the request of the Krsko Nuclear Power Plant, the outside
contracting company performed testing of both condensate stor-
age water tanks CYT101TNK-oor and CY101TNK-002. Inspections
were performed due to requirements in the CAP [3].

After the tanks were drained and cleaned, the inspection was
performed from the inside. The inspection includes:

1. Inspection of the bottom plates with MFL method, scope
100%

2. Inspection of the bottom plates with vacuum box method,
scope 100%

3. Inspection of the bottom plate welds with vacuum box
method, 100%

4. Inspection of the corner welded joins, with vacuum box
method, 100%

A. INSPECTION METHODS

MAaGNETIC FLUX LEAKAGE (MFL) METHOD

Magnetic flux leakage is an electromagnetic non-destructive
testing technique used to detect corrosion and pitting. MFL met-
hod uses a powerful magnet to magnetize the conductive material
under test. If any discontinuity exists in material like corrosion or
material loss, the magnetic field “leaks” from the material.

MFL probes incorporate a magnetic detector placed between
the poles of the magnet where it can detect the leakage field. The
magnetic field induced in the material (plate) saturates it until it can
no longer hold any more magnetic flux (Figure 3). The magnetic
flux overflows and leaks out of the plate and strategically placed
sensors can accurately measure the three-dimensional vector of the
leakage field (Figure 4).

BRIDGE
N s
POLE HALL SENSORS POLE
Fig. 3. Saturated material (plate)
BRIDGE
N s
POLE HALL SENSORS POLE
X

Fig. 4. Magnetic flux leaks from material

Fig. 5. Inspection of bottom plates using MFL detection scanner.

Inspection of the bottom plates with the MFL method (Figu-
re 5) was performed due to the determination (identification) of
pitting corrosion from underneath (bottom side of the plates).

VAcuUM BOX TESTING METHOD

Vacuum Box testing (Figure 6) is a non-destructive method
used to check for any leaks or faults in the welding of the bottom
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& annular plates of the storage tank. The vacuum pump attached
creates a vacuum in the vacuum box, which shows bubbles of the
soap water applied to the weld in case of any leaks or faults pres-
ent. This is one of the most adoptive test methods to detect leaks or
defects and is widely used in the inspection of tanks. Inspection of
the bottom plates and adjacent welds with the vacuum box method
did not reveal any leaking points.

Fig. 6 Vacuum box inspection of welded patch

B. INSPECTION RESULTS

VISUAL INSPECTION OF THE INTERNAL SURFACE

Visual inspection confirmed that the internal coating of the
tank plates and welds are in very good condition, without chipping,
flaking, corrosion, or other damage present. The good condition
was confirmed for the bottom surfaces as well as for the shell [4].

MFL INSPECTION

MFL inspection confirmed damage on the bottom plates from
underneath (inaccessible side of the tanks) on both condensate
storage tanks. In all locations where damage was detected, addi-
tional ultrasonic inspections were performed in order to perform
the sizing of the located damage. All locations detected with MFL
were confirmed with the ultrasonic inspection.

Two locations with corrosion damages were confirmed on the
floor plates on condensate tank CY101TNK-0o01. Six locations with
corrosion damage were confirmed on the lower part of floor plates
and two locations with mechanical damage on the upper surface of
floor plate on condensate tank CY101TNK-002 [4].

All damaged locations were repaired with welded patches and
exanimated with the vacuum box method.

VAcuUM BOX TESTING INSPECTION

Inspection of the bottom plates with welded patches and adja-
cent welds with the vacuum box method did not reveal any dam-
age that cause leakage on condensate tanks [4].

IV. REQUIREMENTS FOR SURFACE PROTECTION WITH
COATING MATERIALS

A. SErRvICE LEVEL III COATINGS

Internal surfaces of condensate storage tanks (internal coatings/
linings) are according to Regulatory Guide 1.54, rev 2 “Service
Level I, II, and IIT Protective Coatings Applied to Nuclear Power
Plants”, US NRC, 2010 [5], corresponding ASTM standards and
NEK technical specification (SP-As001 [6]) classified as Safety
Related Service Level III coatings therefore specific requirements
for safety-related items and/or services shall be implemented.

Coating Service Level 111, as defined by [5], is a term used to
describe areas outside Reactor Containment where coating failure
could adversely affect the safety function of a Safety Related struc-
ture, system, or component (SSC). The selection of coating materi-
als and performance of coating work for this service level should
reflect immersion and such other service conditions as might be
anticipated throughout the coatings service life expectancy. Spe-
cifically, coating work for the following structures and equipment
is under Coating Service Level I1I: fuel pools and canals, if coated,
and refueling water storage tanks or such other tanks constituting
ECCS water sources.

B, REQUIREMENTS FOR SL III COATINGS

Special activities shall be performed before the application of
protective coating systems to steel or any other internal/external
surfaces or related coating work such as: Selection and Qualifi-
cation of coating systems, Manufacturing, Preparation of sub-
strates, Application of the coating system, Testing and Inspection
Requirements, Personnel Qualification Requirements, Condition
Assessment and Receipt and Storage of safety-related protective
coating systems.

The coating/lining Supplier/Manufacturer shall provide pro-
ducts information and characteristics (in accordance with NACE
TMo404): Product Data Sheet (PDS), Material Safety Data Sheet
(MSDS), QA program, Coating Technology (ambient and material
conditions, required surface preparation, application instructions,
application and inspection procedures...), Qualification Test Re-
ports, training program, qualification and certification of applicati-
on personnel and inspectors.

C. IMMERSION TESTS

Due to the safety-related nature of internal coatings/linings in-
side CY tanks and corresponded requirements for material selec-
tion and application several tests had to be performed before lining
execution. Furthermore, CY tanks contain deionized water (Make-
up water) which shall comply with specific chemical criteria listed
in NEK procedure ADP 1.6.021 “Kemijske specifikacije in kriteriji
za korektivno ukrepanje”, ref.[7].

TaBLE 11

CHEMICAL PARAMETERS FOR DD WATER IN CY101TNK-001/002

Control parameter Expected Value
Total conductivity at 25°C (uS/cm) <0.1
Dissolved oxygen (ug/kg) <100
Silicium (ug Si0,/kg) <10
Diagnostic parameter
Total organic carbon (pg/kg) <100
Hydrazine (ug/kg) =3 x[0,]
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NEK performed specific immersion tests following the guide-
lines to best industrial practice for material selection. Tests were
implemented according to NACE TMo174 Laboratory Methods
for the Evaluation of Protective Coatings and Lining Materials
on Metallic Substrates in Immersion Service, ref.[8] and ASTM
D7230 Standard Guide for Evaluating Polymeric Lining Systems
for Water Immersion in Coating Service Level III Safety-Related
Applications on Metal Substrates[9]. Internal coatings/linings shall
meet excellent physical and chemical properties required for the
immersion environment and also no leaching of aggressive ions to
the working medium shall occur (this may have a negative influ-
ence on NEK CPI — Chemistry Performance Indicator for second-

ary chemistry).

NEK selected several epoxy based coating systems for further
immersion tests:

e Belzona 1391T (DFT 500 um), BELZONA,;

e Amercoat 9oN (DFT 300 um), PPG;

*  Remoplast RA 122 (DFT 400 pm), REMBRANDTIN;
*  Epolor Cargo HB B (DFT 400 pm), HELIOS and

*  Hempadur 35560 (DFT 400 um), HEMPEL.

For the purpose of testing materials all proposed/selected coat-
ing materials were applied on test coupons (carbon steel, dimen-
sions 150%75%2.5 mm, 5 test coupons/system) in accordance with
ASTM Ds139 Standard Specification for Sample Preparation for
Qualification Testing of Coatings to be Used in Nuclear Power
Plants [10] (see Figure 7 and 8). Before material application, all
coupons received surface preparation to grade Sa 2.5 according to
1SO 850r1-1.

Fig. 7. Test coupons Hempel

Fig. 8. Test coupons Belzona

Before immersion tests a final drying of coating on test cou-
pons was accomplished at room temperature for a period at least
of 3 days. Afterwards test coupons were visually examined due to
local defects (in accordance with ISO 4628-1 to 5), the dry film
thickness was measured, also the adhesion measurement was per-
formed (pre and after immersion tests; in accordance with ASTM
D4541 “pull-off test”) and finally EIS (Electrochemical Impedance
Spectroscopy) was determined (ISO 167731 to 4; requirement: no
porosity — before/after immersion, Figure 9).

Fig. 9. Impedance measurement

Immersion tests (according to NACE TM o174, procedure B
[8]) lasted for 14 days and were performed in NEK chemical labo-
ratory. Three (3) test coupons/coating systems were immersed in
pure water (Q water) at a volume of goo mL (Figure 10).

Fig. 10. Test coupons in immersion
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Fig. 11. Samples of working fluid in NEK  laboratory

Samples of working fluid (water medium) were analyzed in the
NEK chemical laboratory (Figure 11) to determine the presence of
released anions (sulphates, chlorides, fluorides, acetates and for-
miates — in accordance with procedure CAP-6.552, Dolocevanje
anionov z ionskim kromatografom ICS 3000, [11]) inside specified
values defined in ADP-1.6.021, Kemijske specifikacije in kriteriji
za korektivno ukrepanje [7]. Samples were analyzed before the
beginning of immersion tests, after 7 days and at the end of immer-
sion (14 days period).

_ Acy XViest
Cekv = Cmeas * ———
Vey X Acoupon

C,. --- concentration of water medium (in CY tank)
C,...c - -- measured concentration of testing water medium
A

coupon

... immersed surface of test coupon (200 cm?)
V. .- volume of water medium in CY tank (700 m?)
\Y

test ©

.. test water medium (9oo ml)

Measured concentrations were considered in the equation
stated above, so no ¢, (concentration of water medium inside CY
tank) was exceeded as stated in ADP-1.6.021[7].

The conclusion of immersion tests confirmed the most suitable
coating materials for reparation of floor plates inside condensate
storage tanks — Hempadur 35560 and Belzona 1391T. Belzona
1391T was selected because it had been already used in NEK as a
Service Level 11 coating for surface reparation inside Component
Cooling Heat Exchangers.

D. DEDICATION PROCESS

NEK performed the dedication process as a combination of the
technical survey at manufacturer headquarter in the UK and verifi-
cation of specific critical characteristics of purchased material. Af-
ter successful completion of the technical survey, laboratory testing
for critical characteristics was implemented by NEK in indepen-
dent and accredited laboratories. NEK Nuclear Coating Specialist
selected and defined critical characteristic for material verification
such as determination of density and dry solids (in accordance with
ISO 2811-1 and ISO 3251), determination of chemical composition
by using a method of fingerprinting FTIR (Fourier Transform In-
frared Spectroscopy) and also a verification of rheological proper-
ties of selected materials (rotational and oscillation tests were per-
formed). All mentioned tests were performed on procured material
batches. The extensive dedication process showed positive results

in comparison with technical data sheets given by the manufactu-
rer so NEK concluded that the dedication process was successfully
completed and material could be used for intended safety related
application.

E. APPLICATION OF COATING MATERIAL ON INTERNAL
STEEL PLATES

In outage 2018 CY101TNK-002 was emptied so two (2) steel
plates inside CY101TNK-002 were coated with coating material
Belzona 1391T (working order 126432, Figure 12 and 13). The ma-
terial application was performed in accordance with product data
sheet (PDS) requirements. After drying of coating system seve-
ral measurements were carried out: dry film thickness, adhesion
testing, and solvent resistance rub [12]. It was confirmed that the
coating is properly dried and applied before closing and filling the
condensate storage tank.

Fig. 12. Steel plate inside CY tank

Fig. 13. Coated steel plate inside CY tank

During the next outage in 2021 seven (7) steel plates inside
CY101TNK-oor were coated (work order 166115, Figure 14 and 15).
All required activities were implemented to ensure the adequacy of
execution of coating application (DFT and adhesion measurement,
solvent rub test).
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Fig. 14. Steel plates inside CY tank

Fig. 15. Coated steel plate inside CY tank

V. CONCLUSION

The inspection of the condensate storage tanks is by the book
example of managing the aging mechanisms in the NPP Krsko
[13]. The purpose of the aging management programs is to monitor

components and to detect degradation before that degradation can
cause the failure of the component. Periodically, the inspections are
performed as per program requirements, but in this case, additional
effort was taken due to the possibility of leaking and related CAP

report [3].

The inspection did not reveal holes or degraded areas where
leaking is possible, only indications of corrosion underneath the
bottom plates at some locations. Corrective measures were taken
in a form of welded patches, welds tested, and affected areas treat-
ed with the qualified coating. Performance of the job as a whole
also presents a good practice of cooperation between organization
structures within the NPP Krsko for solving such a problem dur-
ing an outage, when time and resources are limited due to a great
number of other activities going on in the meantime. With that job
done, NPP Kirsko has set up a benchmark for inspection and repair
of single-hull holdup tanks.
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Characterization of the GBC-32 Fuel
Assembly Source Terms

Mario Matijevi¢, Matej Pekec

Summary — This paper presents burnup/depletion calculations of
the typical Westinghouse 17x17 fuel assembly to be used as a radi-
oactive waste package in a Generic Burnup Credit cask benchmark
problem with 32 elements (GBC-32). This first phase is addressing
spent fuel source terms calculation while evaluation of the shielding
performance of the GBC-32 cask is planned for the second phase. The
TRITON-NEWT methodology of the SCALEG6.1.3 program package
was used in a tandem with ORIGEN-S code for deterministic 2D cal-
culation of the GBC-32 fuel assembly neutron multiplication factor,
providing spatial-temporal fluxes and isotopic concentration change.
The burnup simulation was done up to 60 GWd/tU with sensitivity
analysis of relevant physical parameters influenced by the working
cross-section library. This approach also allowed generation of the
specific user-defined collapsed cross-section libraries as a function of
fuel enrichment and burnup level. Calculation of isotopic concentrati-
ons, decay heat, neutron-gamma spectra and major actinides activity
for different fuel assembly cooling periods was performed using ORI-
GEN-ARP module.

Keywords — SCALE, NEWT, TRITON, burnup, depletion

[. INTRODUCTION

he Generic Burnup Credit cask (GBC-32) benchmark pro-

I blem represents a real-life burnup credit style cask, preser-
ving all important features through approximations, hence
eliminating nonessential details and proprietary information [1].
The purpose of the GBC-32 benchmark is to provide a reference
configuration for estimation of spent fuel (SF) reactivity margin
available for fission products and minor actinides as a function
of initial enrichment, burnup, and cooling time. Estimates of the
additional reactivity margin for this reference configuration may
be compared to a similar burnup-credit cask to provide an indi-
cation of the validity of specific design characteristics. A conser-
vative approach to criticality safety analyses of commercial PWR
fuel assembly (FA) storage and transport casks assumes the SF to
be fresh or unirradiated, with isotopic concentrations defined by
allowable enrichment [2]. This provides upper bounding value
for reactivity, ignoring fuel operational history and simplifying
analysis. However, this approach is lacking the decrease in reac-
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tivity of SF as a result of irradiation, giving conservative safety
margin which limits cask capacity. A more realistic approach
is including reduction in reactivity due to fuel burnup which is
known as burnup credit. This will explicitly model reduction of
fissile nuclides and the production of actinides and fission-product
neutron absorbers. To provide a reference results for a burnup cre-
dit cask, resembling to a typical real-life configuration, a generic
GBC-32 cask with 32 spent FAs was developed [1]. The reference
results can be used to estimate additional reactivity margin coming
from actinide nuclides and fission products. The essential part of
criticality safety analyses is thus a detailed knowledge of FA ge-
ometry, initial material composition, operational history, and neu-
tron-gamma source terms after cooling period.

This paper is presenting application of SCALE6.1.3 [3] tran-
sport theory codes for detailed isotopic analyses of an optimized
Westinghouse 17x17 fuel assembly (OFA) in the framework of the
GBC-32 benchmark. The performed TRITON [4] calculations qu-
antified neutronic and isotopic characteristics of OFA by means of
2D deterministic transport theory code NEWT [3][5]. The depletion
calculations of OFA were done in tandem with ORIGEN-S code
up to a burnup of 60 GWd/tU using nominal power of 40 W/gU.
Calculated k-eff values are provided as a function of burnup and
cooling time for initial enrichments of 2 w/o, 3 w/o, 4 w/o, and 5
w/o of 5U. The values are provided for burnup up to 60 GWd/tU
with 20 time steps (75 days per step), and for cooling period up to 40
years (9 time steps). These TRITON-NEWT calculations coupled
with ORIGEN-S also allowed generation of the specific user-defi-
ned collapsed cross-section libraries with 49 groups as a function
of fuel enrichment and burnup level. Calculation of isotopic con-
centrations, decay heat, neutron-gamma spectra and major actinides
activity for different fuel assembly cooling periods was performed
using ORIGEN-ARP module [6]. These OFA results will be used as
a starting point for the development of Monte Carlo (MC) GBC-32
cask model, which will be further analyzed with MAVRIC/Monaco
shielding sequence of SCALEG6.1.3 code package.

This paper is organized as follows. Chapter 2 gives basic des-
cription of an optimized 17x17 Westinghouse fuel assembly, which
is used in the GBC-32 benchmark. The SCALE6.1.3 computational
methods for deterministic 2D burnup/depletion of FA are presen-
ted in Chapter 3. The OFA TRITON model is given in Chapter
4. Chapter 5 gives TRITON-NEWT standalone results for OFA
presenting method of generating weighted (collapsed) cross-sec-
tion library with user defined 49 groups. The TRITON depletion
calculations of OFA are presented in Chapter 6, together with ORI-
GEN-ARP results for neutron-gamma source terms. Discussion
and conclusions are given in Chapter 7, while reference list is given
at the end of the paper.
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II. OpriMiZED FUEL ASSEMBLY IN GBC-32 CASK

The burnup credit can increase storage and transport cask ca-
pacities by 1/3, so for a standard rail-type cask this means incre-
ase from 24 to 32 FAs for large PWR assemblies or 40 FAs for
smaller fuel matrix [1]. The design of GBC-32 cask was directed
by OECD/NEA concept, with the following criteria:

I. dimensions and geometry should be representative of
typical U.S. rail type-casks;

2. the canister must accommodate at least 30 FAs;

3. the FA cell size must accommodate all common PWR
designs;

4. design should be general without unique or proprietary
information.

The GBC-32 design is based on merging OECD/NEA concepts
with several U.S. cask vendors. Additional details on dimensions
and materials of the cask can be found in report [1]. The reference
fuel assembly design used in GBC-32 cask is the Westinghouse
17x17 Optimized Fuel Assembly (OFA) because it was shown to
be the most reactive FA in most fresh-fuel cask designs. This fact
streams from a zero burnup (fresh fuel) and high moderator-to-fu-
el ratio, which will at the same time produce less reactive fuel at
typical discharge burnups. The OFA physical specification can be
found in Table 1, while fresh fuel material specification for different
fuel enrichments (2 w/o, 3 w/0, 4 w/0, and 5 w/0) can be found in
report [1]. Figure 1 is showing NEWT 2D model of the OFA (green
- fuel pins), which is placed inside GBC-32 cask cell.

TABLE I

THE OFA PHYSICAL PARAMETERS

OFA parameter inches cm
Fuel outside diameter 0.3088 0.7844
Cladding inside diameter 0.3150 0.8001
Cladding outside diameter 0.3600 0.9144
Cladding radial thickness 0.0225 0.0572
Rod pitch 0.4960 1.2598
Guide tube inside diameter 0.4420 1.1227
Guide tube outside diameter 0.4740 1.2040
Guide tube radial thickness 0.0160 0.0406
Instrument tube inside diameter 0.4420 1.1227
Instrument tube outside diameter 0.4740 1.2040
Instrument tube radial thickness 0.0160 0.0406
Active fuel length 144 365.76
Array size 17x17
Number of fuel rods 264
Number of guide tubes 24
Number of instrument tubes 1

u \A A A A A A A A A A A A A A d ]

“ asascscananacanana n

Fig. 1. Cross sectional view of OFA cell inside GBC-32 cask

III. ScALE COMPUTATIONAL TOOLS

The SCALES6.1.3 code system was developed for the U.S.NRC
to satisfy a need for a standardized method of analysis for the
evaluation of nuclear facilities and package designs. In its present
form, the system has the capability to perform criticality, shielding,
radiation source term, spent fuel depletion/decay, reactor physics,
and sensitivity analyses using well established functional modules
tailored to the SCALEG6.1.3 system [3]. The TRITON sequence of
the SCALE6.1.3 code system performs problem-dependent cross-
section processing followed by calculation of neutron multiplicati-
on factor k-eff for a 2D FA configuration using NEWT. The NEWT
module is a multigroup discrete-ordinates (SN) radiation transport
code with flexible meshing capabilities that allows two-dimensio-
nal (2D) neutron transport calculations using complex geometric
models. The differencing scheme employed by the NEWT, the
Extended Step Characteristic approach (ESC), allows a compu-
tational mesh based on arbitrary polygons. This functionality can
be iterated in tandem with ORIGEN-S depletion calculations to
predict isotopic concentrations, source terms, and decay heat as
a result of time-dependent fluxes calculated in a 2D deterministic
fashion (NEWT) or in a 3D stochastic approach (KENO V.a or
KENO-VI). Because spatial fluxes are burnup dependent, chan-
ging with nuclide inventories, and because mixture cross-sections
will also change with burnup, the depletion sequence uses a pre-
dictor-corrector approach to update both fluxes and cross-sections
as a function of burnup [4]. The rigorous SN treatment in NEWT
coupled with ORIGEN-S depletion capabilities and CENTRM re-
sonance self-shielding processing within TRITON sequence pro-
vides a high-fidelity approach for various FA designs. The cross-
section processing can be CENTRM-based rigorous SN solution
by default (“parm=centrm”) or a more relaxed two-region approxi-
mation in CENTRM (similar in nature to NITAWL) but retaining
continuous-energy processing (“parm=2region”).

The main codes for this study thus simulate burnup/depletion
(ORIGEN-S) and 2D neutron transport with eigenvalue search
(NEWT) under TRITON. The ORIGEN-ARP code is used lastly
to quantify isotopic source terms for different FA cooling periods.
The use of this sequence requires availability of the cross-secti-
on libraries for a specific FA design. These may be obtained from
pre-generated libraries distributed within SCALE6.1.3 or can be
generated by the user for a specific FA design using true flux (not
generic PWR) for cross-sections weighting.

A. TRITON-NEWT BROAD GROUP LIBRARY

The TRITON-NEWT parameter “weight” will trigger MA-
LOCS module to generate a weighted broad group cross-section
library in AMPX master format (newxnlib file). The calcula-
ted NEWT problem-averaged flux spectrum is then used as the
weighting function for the spectral collapse, while user provides
energy group structure in the “collapse” input block. For this
analysis, the v7-238 group master library (148 fast + 9o thermal
groups) based on ENDF/B-VIlL.o [7] is collapsed to a user-defi-
ned 49-group library (v7-49g), with grouping structure tailored to
important PWR flux peaks and windows. The distributed v5-44¢g
library (based on ENDF/B-V) was developed to capture significant
aspects of LWR spectrum, while newer 49-group structure introdu-
ced in SCALES6.0 includes additional energy groups in the upper
thermal energy range.

B. ORIGEN-S CROSS SECTION LIBRARIES

During TRITON depletion calculations, the module COUPLE
is creating and updating a cross-section database (ft33foor file) for
each depleted material, thus providing cross-sections as a function
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of burnup in specific ORIGEN-S file format. The TRITON produ-
ces one additional library with flux-weighted averaged cross-sec-
tions (ft33foor.cmbined file), which can be read by the ORIGEN-
ARP module for rapid calculation of source terms. This procedure
was adopted in this research for creating OFA libraries with diffe-
rent enrichment and burnup steps.

IV. TtTritoN OFA MODEL

Based on the GBC-32 benchmark specification provided in
Section 2, a computational model of the OFA was developed for
TRITON-NEWT and TRITON depletion sequence. A cross sec-
tional view of the NEWT 2D computational model is shown in
Figure 2 for a symmetric 1/4 of the FA geometry. The calculati-
ons were performed using reasonably conservative cycle-average
operational parameters for fuel temperature (1000 K), gap and clad
temperature (620 K), moderator temperature (600 K), soluble bo-
ron concentration (650 ppm), and OFA specific power (40 MW/
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Fig. 2. NEWT model of the OFA with SN mesh (1/4 geometry)

The OFA fuel matrix is square 17x17 type (22.0 cm pitch) with
204 fuel rods and 24+1 control guide tubes. The fuel enrichment
varies from 2 w/o to 5 w/o in *5U using nominal thermal power
of 40 MW/tU. The unit cell (1.2598 cm pitch) is comprised of fuel
rod (1000 K), gap (620 K), clad (620 K) and moderator region (600
K) with 650 ppm of soluble boron. The cladding is Zirconium
and the moderator is ordinary water. The NEWT model used S6
angular segmentation with P3 Legendre polynomial expansion for
moderator (Pt for other materials), where unit cell had subdivision
of 4x4 (recommended value). The forward transport solution was
k-eff search with active collapse block (49 groups). The original
coarse mesh finite difference (CMFD) acceleration was used for
rectangular-domain configuration with enabled second-level two-
group accelerator. All spatial and eigenvalue convergence criteria
were set to value of 1-10. The boundary conditions were all reflec-

tive type.

The TRITON depletion sequence was run using total of 20
time steps with duration of 75 days/step, giving total discharge bur-
nup of 60 GWd/tU. The depletion with constant power was defined
only for one material (UO, mixture, same for all pins) and three
different libraries were used for k-eff comparison: v5-44g (broad
built-in), v7-49¢g (user collapsed) and v7-238 (master built-in). The
trace quantities of certain nuclides important for proper characte-
rization of depleted fuel material were selected with “addnux=3”
option, which adds 230 nuclides in depletion calculations.

The “parm=weight” option is very useful since TRITON de-
pletion calculations require a significant amount of computer
resources. This option allows generation of problem-dependent

49-group cross-section library at the start of depletion: steady-state
NEWT calculation using v7-238 library is done only once at the
beginning to determine neutron spectrum for spectral collapse. The
49-group library is then used for all subsequent depletion steps.
This makes transport calculations run faster with minimal bias in
total solution (typically less than 200 pcm for LWRs) [4]. Accura-
te depletion of heterogeneous FA designs in TRITON generally
requires a different fuel mixture for every individual fuel pin in-
side a lattice, because spatial flux distribution varies significantly
throughout a lattice model. Additionally, the flux distribution chan-
ges as a function of depletion. This results in space-time varying
flux so fuel pin mixtures must be depleted individually in order to
accurately track isotopic concentrations change [4]. Furthermore,
depletion with a constant power is justified for fuel materials, but
not for targets, structural materials and burnable poisons (i.e. [IFBA
rods). These materials are affected by neighboring fluxes and they
do not contribute to power production, so depletion with a constant
flux is a better option. Allowing mixed mode depletion with TRI-
TON also improves the time-dependent flux distribution across
fuel assembly.

V. TRITON-NEWT OFA RESULTS

The steady-state TRITON-NEWT results of k-eff are shown in
Table 2 for different fuel enrichments using v7-238 master library
(CPU time 11.5 min) and 49-group collapsed library (CPU time 2.1
min). One can notice small k-eff differences for v7-49g (40 pcm
to 60 pcm) compared to v7-238 groups while CPU time reduction
using broad library has almost linear scaling with the number of
energy groups, i.e. v7-238 has over four times more groups than
v7-49g. Figure 3 shows qualitatively neutron flux distribution over
the 2D OFA model with e=2 w/o for the first and the last energy
group. One can notice change in relative position of the local neu-
tron sources from fuel rods (fast group) to water filled guide tubes
(thermal group). The eigenvalue delta, or the change in k-eff with
outer iterations is shown in Figure 4 using logarithmic scale to po-
int out how final convergence will not be achieved until all group-
wise inner iterations per outer iteration have converged.

TABLE 11

NEWT STEADY-STATE K-EFF SOLUTION

enrichment (w/o) 2.0 3.0 40 5.0
k-eff (v7-238) 111577 | 123911 | 131240 | 1.36101
k-eff (v7-49g) 111646 | 123977 | 131302 | 1.36158

keff ’e"(‘;':;“;' VI-499 | 6oo737 | 537871 | 475313 | 41.9365

Fig. 3. NEWT flux distribution over OFA model (left-first group, right-
last group)
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Fig.4. NEWT k-eff delta for v7-49¢ library

VI. TritoN OFA DEPLETION RESULTS

This section summarizes the depletion results for different en-
richments of OFA model. Different cross-section libraries were
used to investigate spectral effects on reactor physics parameters.
The ENDF/B-VILo library v7-238 is generally recommended,
but significantly prolongs CPU time per depletion step. Using a
broad group library will automatically speed up the calculation,
but the built-in v5-44g library (based on ENDF/B-V) was collap-
sed with LWR spectrum that is different than the specific OFA
spectrum. This library is good for scoping and test calculations,
but it is not recommended for production stage calculations. A
good tradeoff between speed and accuracy can be obtained using
the “parm=weight” option, which uses the problem-dependent ne-
utron spectrum to collapse the master library v7-238 to a 49-group
structure, which becomes working library for TRITON depletion
sequence. The k-eff results for OFA (e=2.0 w/0) are shown in Fi-
gure 5, while v5-44g and v7-49g comparison to a master library
v7-238 is shown in Figure 6. These trends are similar for other fuel
enrichments and demonstrate justification of using collapsed v7-
49g library for depletion calculations, reducing CPU run time by
factor 4. One should also notice how delta k-eff for v;7-49g library
is bounded by an error interval of + 100 pcm, which is a much
smaller value compared to a built-in library v5-44g.

| —+—5-44g —=—\7-49g —4—7-238g |

0 200 400 600 800

Irradiation time (days)

Fig. 5. TRITON k-eff depletion results (e=2.0 w/0)
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Fig. 6. Delta k-eff (pcm) for v5-44g and v7-49g libraries (e=2.0 w/0)

It is interesting to notice how delta k-eff curve of v5-44g library
is being shifted to lower values for higher OFA enrichment levels,
so Figure 7 is presenting this trend for e=5.0 w/o.

[—— 5449 —=— 7499

Delta k-eff (pcm)
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Irradiation time (years)

1000 1200 1400

Fig. 7. Delta k-eff (pcm) for v5-44g and v7-49g libraries (e=5.0 w/0)

Relative pin power distribution of the OFA model is shown in
Figure 8 for the fresh fuel (left) and at the end of irradiation (right).
The peak pin power of 1.0655 was in the fuel rod (5, 6) for the fresh
fuel and 1.0646 in the same position for burnt fuel, respectively.
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Fig. 8. Relative pin power distribution in the OFA (e=5.0 w/0)

Another useful result obtained with TRITON depletion is gene-
ration of ORIGEN-S cross-section libraries for depleted material.
These burnup-dependent libraries were appended to SCALEG6.1.3
data directory so ORIGEN-ARP module could be used for a rapid
calculation of OFA source terms. The ORIGEN-ARP results are
presented next using PlotOPUS program [3] for v7-27n19g shiel-
ding library, burnup of 60 GWd/tU, specific power of 40 MW/tU,
3 burnup cycles, and cooling periods of o, 1, 3, 10, 30, and 40 years.
The multigroup gamma and neutron spectra are shown in Figure
9 and Figure 10, while Figure 11 shows primary contributors (light
elements, actinides and fission products) for decay heat production
in order of their importance, but total value is for all nuclides in the
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problem. The multigroup neutron and gamma sources (particles/s/
. . . . . ——0.01y —8—003y 01y 03y ——1.0y
tU) are depicted in Figure 12 and Figure 13 for e=2.0 w/o, while to- w0 o w0 oo
. . . . . . —— Yy ——100y — Yy — vy
tal n-g sources as a function of cooling time are depicted in Figures
14 and 15, showing characteristic falling-off trend. 2 1S Tt L
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VII. DiscussioN AND CONCLUSIONS

This paper presents selected results of TRITON-NEWT and
TRITON depletion simulations of the OFA model in the fra-
mework of GBC-32 cask benchmark. This first phase is addressing
accurate source terms characterization, since OFA model conta-
ins small modifications compared to the standard Westinghouse
17x17 FA model. Besides quantification of neutron-gamma source
terms, during burnup and cooling time periods, this methodology
provides ability to generate cross-section database (ft33foor file)
for each depleted material as a function of burnup in ORIGEN-
S format. Such approach will use the initial v7-238 NEWT flux
solution of the OFA model as a weighting function in production
of the v7-49g collapsed cross-section library, which will accelerate
remaining TRITON depletion calculations with a minimal bias in
a solution. The obtained time-dependent databases can be directly
used with ORIGEN-ARP interpolator to produce comprehensive
source term characterization. The obtained results will be used in
preparation of specific neutron-gamma source terms for the future
MAVRIC/Monaco shielding calculations of GBC-32 cask.

The presented calculations utilize symmetry of the OFA model,
so only 1/4 of FA was modeled with reflective boundary conditions.
On top of that, each fuel pin had the same UO, matrix as the only
depleted material, which is a gross approximation for modern FA
designs. In practice, considerable CPU time goes on cross-section
processing (CENTRM module) prior to NEWT calculations if one
chooses to deplete a large number of fuel mixtures [8]. Moreover,
this CPU time becomes prohibitively large with multiple unit cells,
which are necessary for capturing spatial effects of fuel depletion.
This problem is a well-known issue in depletion of modern, he-
terogeneous FA designs, that even with symmetry inclusion one

typically gets dozens of fuel pin locations which need to be inde-
pendently depleted. To simplify cross-section processing paradi-
gm, it has been recognized that the macroscopic response of spent
fuel is much more sensitive to the number densities of constituent
nuclides than the nuclide cross-sections [3][4].
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