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Foreword

The Working Party on Nuclear Criticality Safety (WPNCS), under the Nuclear Science
Committee (NSC) ofthe Nuclear Energy Agency (NEA)has orgarsed seveal
international benchmarks to assess variations in predigtaddnuclideconcentrations in
burnup calculations by different code systeribe Phase I[lICburnup credit(BUC)
benchmark resulttor 9x9 A S-30Bdiing water reacto(BWR) fuel assemblydesign,
organised by the NEA Expert Group on Burnup Credit (EGBW)wed that modelling
options, i.e. spatial resolution of gadolim pins and depletion step size, can cause
significant variations in predictedi,r and assembly averageiclide concentrationsA
Phase IID BUC benchmark wasubsequentlyrgansed by the NEA Expert Group on
Used Nuclear Fudriticality (EGUNF) to reexamine code and nuclear data performance
for BWR lattice calculations and focus on the depletion modelling oflig@ado fuel in

the burnup region near peak reactivijodelling of the gadolinium pins was specified in
the benchmark to limit some of the modelling variations observed in the Phase IIIC
benchmarkand to better isolate differences caused by code methadsnaclear data
relevant to gadolinium depletion in the burnup range important to gadolinium depletion
This report presents the results of the PhdBeldénchmark approved at the meeting of the
WPNCS in July 2018. Results of 37 depletion calculationenfigl organisations in

13 countries are compared and analysed in detail.
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Execustuimmary

Most modern boiling water reactor (BWR) fuel assemblies contain gadolinium oxide
(G053, or gadolinia)as aburnable neutron absorber in some fuel rods. The gadolinium
absorber depletes rapidly during the initial phase of its irradiation,ncatise fuel
assembly reactivity to increase initially during irradiation and reach a maximuwme stl

an assembly average burnup typically less than 20 gigawatt days per metric ton of uranium
(GWd/MTU). The reactivity then decreases for the remainder of fuel assembly irradiation.
Due to the large neutroncapture cross section of gadolinium isotopes, depletion
calculations for gadolinia rods require special modelling to account for strong self
shielding effects anthe rapid depletion of strongly absorbiggdoliniumisotopes

The Working Party on Nuclear Criticgl Safety (WPNCS), under thiduclear Energy
Agency (NEA)Nuclear Science Committee (NSC), has orgathiseveral international
benchmarkshrough its Expert Group on Burnup Credit (EGBU@)ssess variations in
predictedkin andnuclideconcentrations itburnup calculations by different code systems.
The Phase IlIBburnup credit (BUCpenchmark provided a comparison of BWR depletion
calculations based on an 8x8 STERssembly design. In additionk@ values, predicted
concentrations of actinides aridgion products were compared at@®/d/MTU intervals

up to 40 GWd/MTUat different void fraction profiles. This benchmark was recently
extendedwith the Phase IIIC based on a newer 9x9 STERssembly design. Burnup
calculations up to 50 GWd/MTU with-05 years cooling periods were compared %t 0
40% and70% void fractions using different code systems and nuclear data libraries. The
Phase IlIC benchmark results showed that modelling optionspaéal resolution of
gadolinia pins and depletion stepesizan caussignificantvariations in predicte#,s and
assembly averagriclideconcentrations.

The NEA Expert Group on Used Nuclear Fuel criticality (EG)N&s thus organised a
Phase IID BUC benchmarko reexamine code and nuclear data performanceBiVR

lattice calculations and focus on the depletion modelling of gadolinium fuel in the burnup
region near peak reactivity. Modelling of the gadolinium pins was specified in the
benchmark to limit some of the modelling variations observed iE@BUC Phase IIIC
benchmarkand to better isolate differences caused by code methods and nuclear data
relevant to gadolinium depletion in the burnup range important to gadolinium depletion.
The benchmark problem propodeeteis based on the 9x9 STEPassembly ganetry of

the Phase IlIC benchmark. The gadolinium model and depletion step sizes to be applied by
all codes are specified in the benchmark, leaving the primary variables as code transport
method and nuclear data library.

A uniform fuel enrichment of 4.0 % 2**U for nongadolinia fuel rodsand 3.0 wt%
gadolinia enrichment for gadolinia rods were used for this benchmark. Small depletion
steps (0.2%5Wd/MTU) until 10 GWd/MTU and 10 depletion rings for modelling gadolinia
rods were requested faidetailed aalysis of gadolilum burnup.

The benchmark specification was proposed and approweihg the 2016 EGUNF
meeting. A preliminary report wasepared and presented to participants in July 2.
deadline for submission of the final results was August 201Bthe final report was sent
in September 2018 for review.

Participants from 14 orgasaitionsin 13 countries contributed with 37 code results for this
benchmark.
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When all code results are considered, the maximum relaiue ks is 1.33% at 70% \id
fraction, at 10 GWd/MTU (burnup peak). Code results with old csegion libraries
(ENDF/B-V, ENDF/B-VI) and low fidelity calculation options are the main contributors
the large standard deviations. If these code results are eliminated, the magiativa 2
decreasetn 0.5% for deterministic codes and 0.61% dontinuousenergy (CE) Monte
Carlo (MC) codes.

Gadolinium isotope concentrations in gadolinia rods were analysed in detail. At peak
reactivity, relative 8 standard deviations #7°Gd and **’Gd concentrations are 44% and
21%, respectively. Large sensitivity to void fraction is also observed in standard deviations.

The largest relative standard deviations among all repeontetide concentrations are
observed in**Eu concentrations (26%t peak reactivity)while ***Eu also has the lowest
concentration in all analysed fission products.

Several groupings are observed in code resultkfoand nuclide concentrations. In
general, these groupings gm@dominanthdriven by the nuclear datsed in calculations
rather than the methods used in calculations.
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1.l ntroducti on

Most modern boiling water reactor (BWR) fuel assemblies contain gadolinium oxide
(Gd.0s, or gadolinia)as aburnable neutron absorber in some fuel rods. The gadolinium
absaber depletes rapidly during the initial phase of its irradiation, which causes the fuel
assembly reactivity to increase initially during irradiation and reach a maximum value at
an assembly average burnup typically less than 20 gigawatt days per nmedficitanium
(GWd/MTU). The reactivity then decreases for the remainder of fuel assembly irradiation.
Due to the large neutron absorption cross section of gadolinium isotopes, depletion
calculations for gadolinia rods require special modelling to accéamstrong sel
shielding effects anthefast depletion of gadolinium.

The Working Party on Nuclear Criticality Safety (WPNCS), under NiigA Nuclear
Science Committee (NSChas orgarsed several international benchmatksough its

Expert Group on Bummp Credit (EGBUC]0 assess variations in predictegandnuclide
concentrations in burnup calculations by different code systems. The Phase IIIB benchmark
(NEA, 2002) provided a comparison of BWR depletion calculations based on an 8x8
STER2 assembly ésign. In addition tds values, predicted concentrations of actinides
and fission products were compared at 10 GWd/MTU intervals up to 40 GWd/MTU at
different void fraction profiles. This benchmark was receattendedvith the Phase [1IC

(NEA, 2016 based on a newer 9x9 STBRassembly design. Burnup calculations up to 50
GWd/MTU with 0-15 years cooling periods were compared %t @0% and70% void
fractions using different code systems and nuclear data libraries. The Phase IIIC benchmark
results showethat modelling options, i.e. spatial resolution of gadolinia pins and depletion
step size, can caus@nificantvariations in predictedi s and assembly averageiclide
concentrations.

The NEA Expert Group on Used Nuclear Fuel criticality (EGYMN&s thus organised a
Phase IID BUC benchmark to rexamine code and nuclear data performance for BWR
lattice calculations and focus on the depletmodelling of gadolinium fuel in the burnup
region near peak reactivity. Modelling of the gadalpins was specified in the benchmark

to limit some of the modelling variations observed in B@&BUC Phase IlIC benchmark
and to better isolate differensecaused by code methods and nuclear data relevant to
gadolinium depletion in the burnup range important to gadolinium depletion. The
benchmark problem proposkédreis based on the 9x9 STEPassembly geometry of the
Phase IlIC benchmarNEA, 2016. Thegadolinium model and depletion step sizes to be
applied by all codes are specified in the benchmark, leaving the primary uncontrolled
variables as code transport method and nuclear data library.
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2.Benchmpaaolkl em

2.1 Geometry

The geometry of the benchrikagpecification from th&GBUC Phase IHIC(NEA, 2016)
benchmark is retained. The problem geometry consists of a single 9x9 fuel assembly with
reflective boundary conditions applied. A uniform 1cfb pin pitch is modelled
throughout the assembly. Thoentral region of the assembly contains a square water
channel with zereavoid water. Both the water and assembly channels are modelled as a
square region of uniform thickness. The assembly and fuel rod geometry are shown in
Figure 2.1

The primary purposef this benchmark is to further investigate differences in predicted
gadolinium number densities in depletaling water reactofBWR) fuel and their impact

on criticality. This benchmark takes a prescriptive approach to gadolinium modelling to
limit the variability in results caused by user modelling choices. Egdolina rod is
modelled with ten concentric equalea ringsas shown irFigure 2.2 Each of theten
unigue regions in eagadolinarodis to be tracked separately for depletion purposéh

the numbering scheme provided Figure 2.2Figure 2.2and Table 2.1The rings are
numbered 410 from inside to outside. The benchmark inclueightgadolinarods with
positions shown ifrigure 2.1

2.2 Materials

The enrichment zoning has been simplified to a single enrichment of 4.6°t%h the
nongadolinia fuel rods. The average enrichment of these rod in the Phase 1lIC benchmark
is 4.05 wt%?*U, so this isprimarily a modelling simplification. The enrichment and
gadolinium loading of the gadolabearing fuel rods remain unchanged from the
PhasdlIIC specification. However, the number gadolinarods is reduced from 12 to 8

so that all gadolinia rods aresymmetric and have the same nuclide composition. The
number densities for fresh fuel and absorber compositions are providadl?2.2 The

fuel temperature of 900K is maintained from the Phase IlIC specification. The cladding,
water channel and channebx are all modelled as Zircale®; with nhumber densities
provided inTable 2.3 The temperature of nonfuel materials is modified to 600K to be
consistent with temperatures for many contindensrgy crossection libraries. The
resulting water number dsities are provided for 0%, 40% and 70% void (steam) in
Table2.3, and are slightly different from the Phase IIIC values.
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Figure 2.1. 2D fuel assembly
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Variable voidsteam
water

UO2 and GdO3

Clad, channel box
and water channel
are Zircaloy2

Water channel
OD3.85cm

Water channel
ID 3.70 cm

Channel inner dimensialB3.40 cm

Assemblypitch 15.24 cm ‘

Pellet radius 0.48 cm

Cladradius 055¢cm

Pin pitch 1.45 cm

Channel thickness
0.25cm
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Figure 2.2. Detail of Gd20s rod

Table 2.1. Gadoliniaring dimensions

Ring number QOuter radius (cm)
0.151789
0.214663
0.262907
0.303579
0.339411
0.371806
0.401597
0.429325
0.455368
0 0.48

RO (N|O0|R|WIN|F-
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Table 2.2. Fuel and absorber number densities

Composition Nuclide oelement Numbedensity(atoms/kcm)
239 8.4700 x 10
23y 9.4763 x 10

ua
23y 2.2447 x 10
0] 4.6807 x 10
234) 6.8396 x 10
23y 7.6521 x 10
23y 2.1460 x 10
(0] 4.6225 x 10

UG+ GdOs 1543d 2.5654 x 10
15Gd 1.7417 x ¥0
156Gd 2.4089 x 10
15Gd 1.8417 x ¥0
156Gd 2.9232 x 10
166Gd 2.5725 x 10

Table 2.3. Water and Zircaloy number densities

Composition Element Number density (atomszin)
H 43417 x 10
0% void water
(0] 2.1708 x 10
H 2.7998 x 10
40% void water
o 1.3999 x 10
H 1.6434 x 10
70% void water
o 8.2170 x 10
Sn 49797 x 10
Fe 9.1782 x 10
Zircalop Cr 7.5861 x 10
Ni 4.0314 x 10
Zr 4.2465 x 10

2.3 Depletionconditions

The assemblgpecificpower is 25.0 MW/MTU (W/gl) overan exposure history defined

by a single period of irradiation with no downtime, using the assembly average burnup
steps provided ifable2.4Table 2.4 The time steps are selectedptovide(1) sufficiently
accurate results for most code calculatjiaared (2) a precise estimate of the variation in
reactivity in the burnup region \ehe the reactivity peak occurs.

The first two steps are 0.1 and 0.15 GWd/MTU, respesgtiviellowed by 39 steps of
0.25GWd/MTU each to reach a burnup of G®@Vd/MTU. This is followed by a series of
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20 steps that are 0.5 GWd/MTU each, reaching a finalpuon 20 GWd/MTU. Depletion
calculationswill be performed for void fractions of 0%, 40% and 70%, using the water
densities provided iffable 2.3.The water in the central coolant channel and outside the
fuel assembly channel is to be modelled as 0% voallicases. The fuel, moderator and
structural material temperatures aleoassumed to be the same in thteecases. The
assembly design used in this benchmark has several degrees of symmetry (half, quarter,
eighth), and any of these may be used téopen the calculations.

Table 2.4. Depletion steps

Step# | Duratioh gxupr(r)l:lljz?gve Step# | DuratioA gxlgglsjljargve
1 0.10 0.10 32 0.25 7.75
2 0.15 0.25 33 0.25 8.00
3 0.25 0.50 34 0.25 8.25
4 0.25 0.75 35 0.25 8.50
5 0.25 1.00 36 0.25 8.75
6 0.25 1.25 37 0.25 9.00
7 0.25 1.50 38 0.25 9.25
8 0.25 1.75 39 0.25 9.50
9 0.25 2.00 40 0.25 9.75
10 0.25 2.25 41 0.25 10.0
11 0.25 2.50 42 0.5 10.5
12 0.25 2.75 43 0.5 11.0
13 0.25 3.00 44 0.5 11.5
14 0.25 3.25 45 0.5 12.0
15 0.25 3.50 46 0.5 12.5
16 0.25 3.75 47 0.5 13.0
17 0.25 4.00 48 0.5 135
18 0.25 4.25 49 0.5 14.0
19 0.25 4.50 50 0.5 145
20 0.25 4.75 51 0.5 15.0
21 0.25 5.00 52 0.5 155
22 0.25 5.25 53 0.5 16.0
23 0.25 5.50 54 0.5 16.5
24 0.25 5.75 55 0.5 17.0
25 0.25 6.00 56 0.5 17.5
26 0.25 6.25 57 0.5 18.0
27 0.25 6.50 58 0.5 18.5
28 0.25 6.75 59 0.5 19.0
29 0.25 7.00 60 0.5 19.5
30 0.25 7.25 61 0.5 20.0
31 0.25 7.50

Note: 'Durations are provided in GWd/MTUCumulative exposures are assembly average and are provided
in GWd/MTU.
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2.4Requesteddata

The planakiqs will be reported for the fresh assembly and after each of the 61 burnup steps
with no postirradiation decay time.

Nuclide number densities will beeported in units of atoms per bazsm (a/bcm). The
number densities for thruclideslisted inTable 2.5will be reported everywo GWd/MTU

with respectivelyzero posirradiation decay time and witfive years of decay time. The
actinide and fission praatt nuclideswill be reported averaged over all the Agadolina
bearing fuel rods. The gadolinium isotopes will be reported for each ring gatwina
bearing rod. The desired burnup and decay time combinations for reporting are listed in
Table 2.6.The **®Nd number density will also be reported for each ring ing@olinia

rod, but only aftefive years of cooling time. The burnup of thadolinarod will also be
reported at each of these ten burnup steps to assess potential difference<eit bejpoufp
caused by treatment of absorptions in gadolinium.

Table 2.5. Nuclidesto report

Actinides 234,235,236, 930 237\|p 238.239.240.241.pAg 241Am
EP 99T ¢ 10R 131X e 155 13 143.14R|( 147149151183
Gd 154,155,156,157, 1589

Table 2.6. Burnup and decaytimes for reporting

Burnup Decaytime
(GWd/MTU) (years)
2 Oand5
4 Oand5
6 Oand5
8 Oand5
10 Oand5
12 Oand5
14 0and 5
16 Oand5
18 Oand5
20 Oand5
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3.Parti canmadne s

Participants from 13 countries contributed 40 results for the benchmark. A detailed list of
the participants, affiliations and code systems are list@dlite 3.1 A list with contacts is
provided inAnnex A Each benchmark participation is given an identifier code (ID) in
Table 3.Ifor convenient reference. As requested, séyamdicipants submitted input files

for the depletion models used for their calculations. Input files provided valuable
information to help identify differences in the results using similar codes.

Some 19%ut of 40 results were submitted by GRS usingidewariety of codes, code
options and nuclear data libraries. IRSN, AREVN and WTI also provided multiple
code submissions.

Table 3.1. List of participants

ID Code Crosssection Energy | Decaydatalibrary | Country Institute
library groups

ALl ALEPK2.6.3 JEFF3.1.2 CE JEFF3.1.2 Belgium SCK/CEN
AP1 APOLLOA1.21.0 JEFF3.1.1 281 JEFF3.1.1 France ORANG'N
CAl CASM@IE2.10.22 JEFF22 70 - Finland TVO
HE1 HELIOS1.11 ENDF/B/I 47 ENDF/B/I1I Germany | WTI
HE2 HELIOS1.12 ENDF/B/F 190 ENDF/B/IC Germany GRS
HE3 HELIOS1.22 ENDF/B/F 190 ENDF/B/IC Germany |GRS
HE& HELIOS1.32 ENDF/B/F 190 ENDF/B/IC Germany |GRS
KE1l KENOREST1.0 ENDF/B/11.0 84 ENDF/B/11.0 Germany |GRS
KE2 KENOREST1.0 JEF2.2 84 JEF2.2 Germany |GRS
KE3 KENOREST1.0 JENDL/AC 84 JENDL/AC Germany GRS
MO1 |MOTIVEO.4.1 ENDF/B/11.1 CE ENDF/B/11.1 Germany GRS
SC1 SCALEG:KENGVI ENDF/B/11.0 238 ENDF/B/11.0 Spain SEA
SC2 SCALEG6.1-PRITON ENDF/B/ 44 ENDF/B/ Spain ENUSA
SC3 SCALEG6.1-PRITON ENDF/B/11.0 238 ENDF/B/11.0 Germany GRS
SC4 SCALE6.1-PRITON |ENDF/B/ 44 ENDF/B/ Germany |GRS
SC5 SCALE6.1-PRITON |ENDF/B/ 238 ENDF/B/ Germany |GRS
SC6 SCALEG6.1-PRITON | ENDF/B/I 238 ENDF/B/I Germany |GRS
SC7 SCALEG6.1-PRITON | ENDF/B/I.1 56 ENDF/B/11.1 Germany |GRS
SC8 SCALEG6.1-PRITON | ENDF/B/11.0 238 ENDF/B/11.0 Germany GRS
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Table 3.1. List ofparticipants (continued)

SC% |SCALEG6.1-PRITON |ENDF/B/Il.1 252 ENDF/&/11.1 Germany |GRS
SC10 |SCALE6.1-PRITON |ENDF/B/II.1 252 ENDF/&/11.1 Germany |GRS
SC11 |SCALE6.1-PRITON |ENDF/®&/I1.0 238 ENDF/&/11.0 Germany |WTI
SC12 |SCALEG6:ZRITON ENDF/&/I11.1 252 ENDF/&/I11.1 France IRSN
SC13 |SCALEG6-ZRITON ENDF/&/I11.1 252 ENDF/&/I11.1 Switzerland | NAGRA
SC14 |SCALE6.2HENGVI |ENDF/®/I11.0 CE ENDF/B/11.0 Germany |GRS
SC15 |SCALE6.2Rolaris ENDF/B/11.1 252 ENDF/B/11.1 Germany |GRS
SC16 |SCALE6.2IRITON |ENDF/B/I.1 252 ENDF/B/11.1 France ORANG'N
SC17 |SCALEG6.2IRITON |ENDF/®&/II.1 252 ENDF/B/11.1 Germany |GRS
SC18 |SCALE6.2TIRITON |ENDF/B/II.1 252 ENDF/&/11.1 United State ORNL
SC19 |SCALE6.2Polaris ENDF/&/11.1 56 ENDF/&/11.1 Sweden EMS
SC20 |SCALE6.2PRITON |ENDF/®/I1.1 252 ENDF/&/I11.1 Poland NCBJ
SE1 |SERPENT2.1.24 ENDF/&/11.0 CE ENDF/&/11.0 Germany |GRS
SE2 |SERPENT2.1.28 ENDF/B/11.0 CE ENDF/B/11.0 Korea KINS
SW1 |SWAT4 JEND#4 CE JENDL/FRRO0O |Japan JAEA
VE1 |VESTAMORET JEFF3.1.1 CE JEFF3.1.1 France IRSN
VE2 |VESTAMORET JEFF3.2 CE JEFF3.1.1 France IRSN
VE3 |VESTAMORET ENDF/B/11.1 CE ENDF/B/11.1 France IRSN
VE3P |VESTAMORET JEFF3.2 CE JEFF3.1.1 France IRSN
VE4P |VESTAMCNP JEFF3.2 CE JEFF3.1.1 France IRSN
VE5P |VESTAMCNP ENDF/®/I11.1 CE ENDF/®/I11.1 France IRSN

Note: *Input files were receivedSimple mestgeometry, interface current coupling factor;23imple mesh
geometry, interface current coupling factor;2Refined mesh geometry, interface current coupling factor = 4
“No Dancoff factors SPredictor only depletion, used for comparison and not ieduith the statistigs
CCorrectedhodified library.

3.1Codes

Results from 10 different code systems were submitted. SCALE6 was the most widely used
code system for this benchmark. TRITON/NEWT, TRITON/KEND and Polaris
sequences were used for SCALEfdtice depletion calculations. HELIOS1, VESTA,
KENOREST and SERPENT codes follow SCALE6 in number of submissions. There are
single submissions using the codes SWAT4, ALEPH, APOR20and CASMOA4E.

Table 3.2lists the code systems, transport methods @iseflux solution and depletion
calculation coupling method. There were more submissions using Monte Carlo (MC)
transport codes than deterministic transport codes. Of the eight different MC codes used in
this benchmark, six used continuearsergy (CE) crassection libraries and two used
multigroup (MG) libraries.

Most codes used predictoorrector type coupling between neutron transport and depletion
calculations. VESTA results were calculatesing predictaionly coupling. The choice of

this approximataecheme is based on the very small depletion size (0.25 GWd/MTU) in the
benchmark specifications.

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID



22 | NEA/NSC/R(2022)BCORR

As specified in Sectiog.1, the benchmark lattice geometry has 1/8 symmetry. Based on
code capability and code execution time, the geometry lattice was swdéferently by

the participants. Most MC codes adopted the 1/8 symmetry, whereas MOTIVE and
SERPENT used full lattice for calculations. Amohgethods of Characteristics codes
(CASMO-4E2, APOLLO2A1, SCALE/Polaris), only the SCALE/Polaris results did not
use the diagonal symmetry.

Table 3.2. List of codes used in the benchmark

Codename Transportalculation Depletiorcoupling Geometry
ALEPH Monte Carlo Predictor Corrector | 1/8
APOLLQA1 Method dEharacteristics | Predictor Corrector | 1/2
CASM@IE?2 Method of Characteristics| Predictor Corrector | 1/2
HELIOS Collision Probability Predictor Corrector | 1
KENOREST Monte Carlo Predictor 1
MOTIVE Monte Carlo Predictor Corrector | 1
SCALE®olaris Method dZharacteristics | Predictor Corrector | 1
SCALEGRITON/KENG Monte Carlo MidPoint 1/8
SCALEGRITON/NEWT Slice Balance MidPoint 1,1/4
SERPENT Monte Carlo Predictor Corrector | 1
SWAT4 Monte Carlo Predictor Corrector | 1/8
VESTAMCNP6 Monte Carlo Predictor 1/8
VESTAVORET Monte Carlo Predictor 1/8
VESTAVIORET Monte Carlo Predictor Corrector | 1/8

3.2 Nucleardata library

A list of nuclear data libraries is given Trable 3.3.The US ENDF/B libraries were the

most commonly used for this benchmark. JEFF libraries are widely used by European
institutions. JENDE4 was only used for SWAT4 calculations performed in Japan. An
earlier version of JEND4 (JENDL/AC) with data correctian was employed in
KENOREST calculations performed in Germany. Calculations using ENWR/B MG

libraries (252 and 238 groups) were dominant in the submissions largely because they are
included in distributions of SCALE6.1 and SCALE6.2 code systems, widstd by
participants. Several older libraries, ENDFVBENDF/B-VI and JEFF2.2were also used

by several participants.
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Table 3.3. List of nuclear data libraries

Crosssectionlibrary Energygroups Number ofesults
ENDF/B/ 44 2
ENDF/8/ 238 1
ENDF/B/F 190 3
ENDF/B/I 238 1
ENDF/B/11.0 47 1
ENDF/B/11.0 84 1
ENDF/B/11.0 238 4
ENDF/&/11.0 CE 3
ENDF/B/11.1 CE 4
ENDF/8&/11.1 56 1
ENDF/8&/11.1 252 10
JEFF22 84 1
JEFF2.2 70 1
JEFF3.1.1 281 2
JEFF3.1.2 CE 1
JEFF3.2 CE 5
JEND#4 CE 1
JENDL/AC 84 1

Note:“Corrected, special version of the library
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4.Compar o beosnusl t pa rftriocm pant s

A statistical analysis of the results submitted by participants was performed ggin{aa
approach as for the EGBUC Phase IlIC benchmark. Statistical definitions used in this report

are as follovs:
of -B o (4.1)
., —B @ o (4.2)
¢, P T pTT (4.3)
where

N = number of results

X = kint Or atom number density
4.1.Web interface

A web interface using the Python bokeh sefBakeh 2018)was developed to help with

the review and analysis of the benchmark results. The interface alewsmparison of
actinide, fission product and gadoliniummber densities for selectedclides as well as
comparisons dfi,s and gadolinia pin burnup for any contribution or group of contributions.
Users can select the desired void fractimglide decay time and gadoliiring (or select

all rings combined) to be displayed and analysed. When multiple participant results are
selected, a yellow band is displayed showing’the band. The interface also includes an
option to export data for the displayed graphics. A scree¢mdlbe interface is shown in
Figure 4.1
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Figure 4.1. Web interface screenshot
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4.2.Neutron multiplication factor, kin, by all codes

Results for the infinite multiplication factd,, from all participants are compared at each
void fraction inFigures 4.2, 4.3 and 4.4vhich show thatthe 2s band widens as void
fraction increaseg:igure 4.4marks the results from HE2, SC2 and KE2, which lie outside

of the & band. Burnup dependekit; statistics for each void fraction are also listed in
Table4.1 Peak reactivity values and the corresponding burnup at peak reactivity are listed
in Table 4.2.The burnup is given at the nearest timestep as used in the benchmark
specification, i.e. tohe nearest 0.25 GWd/MTU. Similar trends with respect to burnup are
seen for all void fractions. Deviations in the predicted peak reactivity increase with
increasing void fraction. While 0% void fraction case shows a 0.79%eRiation, the
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deviation increses to 0.88% at 40% void fraction and reaches 1.33% at 70% void fraction.
Similarly, the predicted burnup of peak reactivity shows larger variations as void fraction
increases. The burnup of peak reactivity increases with void fraction, from 9.75
GWd/MTU, 10.00 GWdA/MTU and 10.28 GWd/MTU for void fractions of 0%, 40% and
70%, respectively.

Figure 4.2. Comparison ofkinr at 0% void fraction Figure 4.3. Comparison ofkint at 40% void fraction

keinf k-inf
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Figure 4.4. Comparison ofkint at 70% void fraction
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Table 4.1. Statistics for kinf reported by all participants

Burnup Mean 2s (pcm) 25%

(GWd/MTU) | 0% 40% 70% 0% | 40% | 70% | 0% 40% 70%
0.00 1.1565 | 1.1330 | 1.1078 | 830 | 902 | 1166 | 0.72 0.80 1.05
0.10 1.1290 | 1.1073 | 1.0841 | 781 | 866 | 1151 | 0.69 0.78 1.06
0.25 1.1277 1.1063 1.0834 | 760 844 1131 | 0.67 0.76 1.04
0.50 1.1278 1.1068 1.0842 753 823 1086 | 0.67 0.74 1.00
0.75 1.1294 1.1087 1.0862 725 804 1077 | 0.64 0.73 0.99
1.00 1.1316 1.1112 1.0885 700 785 1061 | 0.62 0.71 0.97
1.25 1.1342 1.1139 1.0912 681 767 1041 | 0.60 0.69 0.95
1.50 1.1371 | 1.1168 | 1.0939 | 670 | 754 | 1033 | 0.59 0.68 0.94
1.75 1.1398 | 1.1196 | 1.0965 | 659 | 743 | 1034 | 0.58 0.66 0.94
2.00 1.1427 | 1.1225 | 1.0991 | 652 | 748 | 1028 | 0.57 0.67 0.94
2.25 1.1457 1.1254 1.1017 650 741 1031 | 0.57 0.66 0.94
2.50 1.1487 1.1282 1.1042 657 739 1040 | 0.57 0.66 0.94
2.75 1.1516 1.1310 1.1067 659 740 1039 | 0.57 0.65 0.94
3.00 1.1547 1.1339 1.1091 663 746 1060 | 0.57 0.66 0.96
3.25 1.1579 1.1368 1.1116 672 751 1059 | 0.58 0.66 0.95
3.50 1.1611 1.1397 1.1141 691 760 1077 | 0.60 0.67 0.97
3.75 1.1644 1.1427 1.1165 711 765 1096 | 0.61 0.67 0.98
4.00 1.1678 1.1456 1.1189 730 776 1117 | 0.62 0.68 1.00
4.25 1.1713 1.1487 1.1213 753 796 1128 | 0.64 0.69 1.01
4.50 1.1749 1.1518 1.1238 781 811 1145 | 0.67 0.70 1.02
4.75 1.1785 1.1549 1.1263 814 832 1167 | 0.69 0.72 1.04
5.00 1.1823 1.1581 1.1288 850 853 1201 | 0.72 0.74 1.06
5.25 1.1862 1.1613 1.1313 897 878 1219 | 0.76 0.76 1.08
5.50 1.1902 1.1646 1.1338 937 897 1243 | 0.79 0.77 1.10
5.75 1.1943 1.1679 1.1363 972 925 1278 | 0.81 0.79 1.13
6.00 1.1985 1.1713 1.1389 1017 | 956 1300 | 0.85 0.82 1.14
6.25 1.2026 | 1.1748 | 1.1415 | 1053 | 981 | 1332 | 0.88 0.84 1.17
6.50 1.2070 | 1.1782 | 1.1440 | 1089 | 1015 | 1363 | 0.90 0.86 1.19
6.75 1.2113 1.1816 1.1466 1125 | 1041 | 1396 | 0.93 0.88 1.22
7.00 1.2157 1.1850 1.1492 1154 | 1061 | 1423 | 0.95 0.90 1.24
7.25 1.2198 1.1885 1.1517 1158 | 1088 | 1456 | 0.95 0.92 1.26
7.50 1.2239 1.1917 1.1542 1166 | 1110 | 1491 | 0.95 0.93 1.29
7.75 1.2277 1.1948 1.1566 1165 | 1133 | 1510 | 0.95 0.95 1.31
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Table 4.1.Statistics for kinr reported by all participants (continued)

8.00 1.2310 | 1.1977 | 1.1588 | 1152 | 1139 | 1559 | 0.94 0.95 1.35
8.25 1.2341 | 1.2004 | 1.1610 | 1135 | 1142 | 1580 | 0.92 0.95 1.36
8.50 12366 | 1.2026 | 1.1630 | 1113 | 1145 | 1600 | 0.90 0.95 1.38
8.75 1.2388 | 1.2045 | 1.1647 | 1091 | 1133 | 1593 | 0.88 0.94 1.37
9.00 1.2405 | 1.2062 | 1.1661 | 1072 | 1129 | 1613 | 0.86 0.94 1.38
9.25 1.2417 | 1.2074 | 1.1672 | 1037 | 1120 | 1605 | 0.84 0.93 1.38
9.50 1.2424 | 1.2083 | 1.1682 | 1017 | 1101 | 1602 | 0.82 0.91 1.37
9.75 1.2426 | 1.2089 | 1.1689 | 982 | 1084 | 1592 | 0.79 0.90 1.36
10.00 1.2423 | 1.2091 | 1.1693 | 944 | 1066 | 1573 | 0.76 0.88 1.35
10.50 1.2407 | 1.2084 | 1.1694 | 912 | 1043 | 1557 | 0.74 0.86 1.33
11.00 1.2377 | 1.2067 | 1.1686 | 874 | 1031 | 1525 | 0.71 0.85 1.30
11.50 12339 | 1.2038 | 1.1669 | 870 | 992 1483 | 0.70 0.82 1.27
12.00 12294 | 1.2003 | 1.1645 | 856 | 981 1452 | 0.70 0.82 1.25
12.50 12245 | 1.1962 | 1.1614 | 846 | 974 1415 | 0.69 0.81 1.22
13.00 1.2195 | 1.1918 | 1.1579 | 851 | 968 1405 | 0.70 0.81 1.21
13.50 1.2143 | 1.1872 | 1.1541 | 839 | 960 1369 | 0.69 0.81 1.19
14.00 1.2092 | 1.1826 | 1.1501 | 837 | 948 1357 | 0.69 0.80 1.18
14.50 1.2040 | 1.1778 | 1.1459 | 830 | 946 1353 | 0.69 0.80 1.18
15.00 11988 | 1.1731 | 1.1416 | 835 | 948 1335 0.70 0.81 117
15.50 11936 | 1.1683 | 1.1373 | 825 | 945 1326 | 0.69 0.81 117
16.00 11884 | 1.1636 | 1.1330 | 827 | 948 1307 | 0.70 0.81 1.15
16.50 1.1833 | 1.1589 | 1.1288 | 830 | 937 1303 | 0.70 0.81 1.15
17.00 11781 | 1.1542 | 1.1245 | 821 | 932 1296 | 0.70 0.81 1.15
17.50 11730 | 1.1496 | 1.1203 | 818 | 922 1282 | 0.70 0.80 1.14
18.00 11678 | 1.1449 | 1.1161 | 810 | 917 1276 | 0.69 0.80 1.14
18.50 11627 | 1.1403 | 1.1119 | 811 | 906 1271 | 0.70 0.79 1.14
19.00 11576 | 1.1357 | 1.1078 | 800 | 901 1266 | 0.69 0.79 1.14
19.50 11525 | 1.1311 | 1.1036 | 804 | 896 1240 | 0.70 0.79 112
20.00 11473 | 1.1266 | 1.0995 | 830 | 902 1166 | 0.70 0.79 1.13
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Table 4.2. Peakkint and corresponding burnup by all participants

0% 40% 70%
N Peakknt ?C;J\;cglpMTU) Peakknt ?é&?é’fmw Peakknt l(aclaj\r/\r/]g/pMTU)
ALL 1.2399 10.00 1.2079 | 10.50 1.1698 | 10.50
AP1 1.2352 9.75 1.2027 | 10.00 1.1654 | 10.50
CA1l 1.2399 10.00 1.2061 | 10.00 1.1676 | 10.50
HEL 1.2318 10.00 1.1968 | 10.00 11577 | 10.50
HE2 1.2378 10.00 1.2048 | 10.50 1.1695 | 11.00
HE3 1.2397 10.00 1.2060 | 10.00 1.1687 | 10.50
HE4 1.2446 9.75 1.2100 | 10.00 11707 | 10.50
KEL 1.2492 9.50 1.2091 | 9.75 1.1595 | 11.00
KE2 1.2356 9.50 1.1976 | 10.00 1.1497 | 10.50
KE3 1.2502 9.50 1.2101 | 10.00 1.1609 | 10.50
MO1 1.2473 9.50 12145 | 9.75 11755 | 10.50
Sc1 1.2469 10.00 1.2158 | 10.00 1.1807 | 10.50
SC10 1.2434 9.50 1.2098 | 10.00 1.1703 | 10.00
Sci1 1.2447 9.75 12132 | 10.00 11781 | 1050
SC12 1.2457 9.75 12122 | 10.00 11726 | 10.00
SC13 1.2401 9.75 1.2067 | 10.00 1.1684 | 10.00
SC14 1.2471 9.50 1.2133 | 10.00 11752 | 9.75
SC15 1.2435 9.75 1.2094 | 10.00 1.1683 | 10.00
SC16 1.2475 9.50 12133 | 10.00 11727 | 10.00
ScC17 1.2434 9.50 1.2098 | 10.00 1.1703 | 10.00
SC18 1.2439 9.75 12110 | 10.00 11716 | 10.00
SC19 1.2417 9.75 1.2080 | 10.00 1.1687 | 10.00
SC2 1.2489 9.75 1.2199 | 10.00 1.1897 | 10.00
SC20 1.2489 9.50 1.2156 | 10.00 11771 | 10.00
SC3 1.2437 9.75 1.2106 | 10.00 11718 | 10.00
SCa4 1.2327 9.75 1.1986 | 10.00 1.1582 | 10.50
SC5 1.2344 9.75 1.2006 | 10.00 1.1613 | 10.50
SC6 1.2341 10.00 1.2007 | 10.00 1.1623 | 10.50
SC7 1.2443 9.75 1.2105 | 10.00 1.1705 | 10.00
SCs 1.2445 9.75 12113 | 10.00 11721 | 10.00
SC9 1.2473 9.75 1.2153 | 10.00 1.1786 | 10.00

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID




30 | NEA/NSC/R(2022)8CORR

Table 4.2. Peakkins and corresponding burnup by all participants (continued)

SE1 1.2429 9.75 12102 | 9.75 1.1715 | 10.50
SE2 1.2398 10.00 1.2076 | 9.75 1.1528 | 10.50
SW1 1.2455 10.00 1.2135 | 10.00 11757 | 10.50
VEL 1.2450 9.75 12120 | 9.75 11728 | 9.75
VE2 1.2436 9.75 1.2104 | 10.00 11711 | 9.75
VE3 1.2465 9.75 12131 | 9.75 1.1739 | 10.50
VE3P 1.2383 10.00 1.2060 | 10.5 1.1673 | 10
VE4P 1.2389 10.00 1.2059 | 10.5 1.1674 | 10
Average 1.2427 9.75 1.2001 | 9.99 1.1695 | 10.28
2s (pcm) 982 - 1065 - 1560

2s (%) 0.79 3.63 0.88 3.11 1.33 6.36

4.3.Neutron multiplication factor by Monte Carlo codes

Neutron multiplication factors calculated by MC codes are comparEdyures 4.5, 4.6

and 4.7at different void fractions. Except for the KE2 (JEFF2.2) results, all MC code
results are closely clustered at 0% and 40% void fractions. A significant indrease
standard deviation is observed at 70% void fraction, attributed primarily to the KE2 and
SE2 results. As shown fRigure 4.4 KE2 results are outside ti€s band at 70% void
fraction when albthercode results are included. However, other KENORESTIt®(KE1

and KE3) agree well with each other. The KE2 used an older JEFF2.2 library. There is also
a large difference between SE1 and SE2 results at 70% void fraction. Both results
(SERPENT code) were generated using the same ENBHR/® library. It is not clear if

the large bias at 70% is due to the SERPENT versions (1.24263 or differences in the
modelling.

If results for the MC codes using MG libraries (SC1, KE1, KE2, KE3) are removed
(Figure4.8), the bias in SE2 results becomes evident. &=0lts increase the standard
deviation of the results more than 200%. Based on this observation, the SE2 results were
removed from the statistical analysis.

SC14 and MO1 results agree well at all void fractions and predict the highest vadtdes of
Both codes use KEN&I| as transport flux solverbut different ENDF/BVII library
versions (vers. 0 and 1) and different depletion solvers. The VESTA results (VEP1, VEP2)
using two different solvers but the same JEFF3.2 library agree well but predict the lowes
kint values up to peak reactivity. However, large differences in ggabetween the two
other VESTA results, VE3 and VERZable 4.2) using the same library and transport
solver show that the predictonly depletion algorithm (VEP3) is not adequdite
gadolinum depletion even with depletion steps as small as 0.25 GWdA/MTU. After
gadolinium is depleted, all code resugcept SW1, converge. SW1 results are different
than most other codes and predict higher valuégs@it all void fractions.

Stdistics forkins results for MC codes using only CE libraries are listelaible 4.3Results

show the maximum $26 decreases from 0.78% to 0.56% when the void fraction is
increased from 0% to 70%. The decrease in standard deviation with increasimgetiod f

is opposite of the trend seen$action4.2 when all code results are evaluated. Relative
standard deviation at peak reactivity also shows a small reduction at 70% (0.38%)
compared to the 0% (0.40%) void fraction value.
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Figure 4.5. kinf at 0% void fraction reported by Figure 4.6. kinf at 40% void fraction reported by
Monte Carlo codes Monte Carlo codes
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Figure 4.7. kinf at 70% void fraction reported by Figure 4.8. kinr at 70% void fraction reported by

Monte Carlo codes Monte Carlo codes using CE libraries
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Table 4.3. Statistics for kinf reported by CE MC codes

Burnup Mean 2s (pcm) 25%

(GWd/MTU) | 0% 40% 70% 0% 40% | 70% | 0% 40% 70%
0.00 1.1586 1.1345 1.1087 495 454 425 | 0.43 0.40 0.38
0.10 1.1310 1.1086 1.0849 395 | 374 | 386 | 0.35 0.34 0.36
0.25 1.1296 1.1076 1.0843 387 359 367 | 0.34 0.32 0.34
0.50 1.1302 1.1085 1.0854 376 371 329 | 0.33 0.34 0.30
0.75 1.1318 1.1105 1.0875 354 382 372 | 0.31 0.34 0.34
1.00 1.1339 1.1130 1.0899 344 377 372 | 0.30 0.34 0.34
1.25 1.1364 1.1159 1.0926 374 | 370 | 360 | 0.33 0.33 0.33
1.50 1.1395 1.1187 1.0956 362 | 364 | 355 | 0.32 0.33 0.32
1.75 1.1421 1.1216 1.0983 405 | 354 | 393 | 0.36 0.32 0.36
2.00 1.1451 1.1246 1.1010 363 | 382 368 | 0.32 0.34 0.33
2.25 1.1480 1.1276 1.1036 377 | 356 370 | 0.33 0.32 0.34
2.50 1.1510 1.1303 1.1063 388 438 427 | 0.34 0.39 0.39
2.75 1.1538 1.1331 1.1088 415 410 403 | 0.36 0.36 0.36
3.00 1.1569 1.1360 1.1112 428 423 406 | 0.37 0.37 0.36
3.25 1.1599 1.1389 1.1138 423 432 405 | 0.36 0.38 0.36
3.50 1.1632 1.1419 1.1164 469 449 457 | 0.40 0.39 0.41
3.75 1.1664 1.1448 1.1189 492 468 470 0.42 0.41 0.42
4.00 1.1698 1.1478 1.1214 527 479 480 | 0.45 0.42 0.43
4.25 1.1731 1.1509 1.1239 549 513 463 | 0.47 0.45 0.41
4.50 1.1766 1.1539 1.1263 562 538 495 | 0.48 0.47 0.44
4.75 1.1802 1.1571 1.1289 620 575 504 | 0.53 0.50 0.45
5.00 1.1839 1.1603 1.1317 632 575 541 | 0.53 0.50 0.48
5.25 1.1877 1.1637 1.1342 723 623 559 | 0.61 0.54 0.49
5.50 1.1919 1.1668 1.1366 744 626 517 | 0.62 0.54 0.45
5.75 1.1957 1.1701 1.1393 760 634 551 | 0.64 0.54 0.48
6.00 1.1999 1.1735 1.1420 804 681 575 | 0.67 0.58 0.50
6.25 1.2038 1.1771 1.1447 819 | 684 | 594 | 0.68 0.58 0.52
6.50 1.2082 1.1806 1.1474 853 | 728 611 | 0.71 0.62 0.53
6.75 1.2125 1.1841 1.1501 898 761 629 | 0.74 0.64 0.55
7.00 1.2169 1.1874 1.1526 944 756 631 | 0.78 0.64 0.55
7.25 1.2210 1.1909 1.1552 934 771 633 | 0.76 0.65 0.55
7.50 1.2250 1.1941 1.1577 937 769 631 | 0.76 0.64 0.54
7.75 1.2289 1.1974 1.1603 935 | 789 651 | 0.76 0.66 0.56
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Table 4.3. Statistics forkint reported by CE MC codes(continued)

8.00 1.2323 1.2002 1.1628 895 754 637 | 0.73 0.63 0.55
8.25 1.2354 1.2031 1.1649 857 706 642 | 0.69 0.59 0.55
8.50 1.2379 1.2053 1.1670 772 706 621 | 0.62 0.59 0.53
8.75 1.2403 1.2071 1.1686 724 642 564 | 0.58 0.53 0.48
9.00 1.2422 1.2089 1.1700 684 625 570 | 0.55 0.52 0.49
9.25 1.2434 1.2102 1.1710 627 589 535 | 0.50 0.49 0.46
9.50 1.2442 1.2109 1.1720 589 496 488 | 0.47 0.41 0.42
9.75 1.2445 1.2115 1.1727 505 471 496 | 041 0.39 0.42
10.00 1.2441 1.2117 1.1729 446 443 439 | 0.36 0.37 0.37
10.50 1.2427 1.2111 1.1730 426 433 452 | 0.34 0.36 0.38
11.00 1.2398 1.2095 1.1722 360 441 459 | 0.29 0.36 0.39
11.50 1.2362 1.2064 1.1702 366 392 458 | 0.30 0.33 0.39
12.00 1.2316 1.2030 1.1678 407 401 427 | 0.33 0.33 0.37
12.50 1.2268 1.1987 1.1645 388 460 415 | 0.32 0.38 0.36
13.00 1.2218 1.1942 1.1609 439 417 458 | 0.36 0.35 0.39
13.50 1.2166 1.1897 1.1569 424 451 469 | 0.35 0.38 0.41
14.00 1.2113 1.1851 1.1528 442 457 494 | 0.36 0.39 0.43
14.50 1.2060 1.1801 1.1486 410 474 504 | 0.34 0.40 0.44
15.00 1.2010 1.1755 1.1441 463 500 530 | 0.39 0.43 0.46
15.50 1.1957 1.1707 1.1399 452 499 533 | 0.38 0.43 0.47
16.00 1.1906 1.1660 1.1354 470 510 540 | 0.39 0.44 0.48
16.50 1.1855 1.1612 1.1314 478 511 549 | 0.40 0.44 0.49
17.00 1.1802 1.1564 1.1270 491 521 549 | 0.42 0.45 0.49
17.50 1.1751 1.1518 1.1227 508 539 570 | 0.43 0.47 0.51
18.00 1.1697 11471 1.1185 524 553 574 | 0.45 0.48 0.51
18.50 1.1645 1.1424 1.1142 527 583 627 | 0.45 0.51 0.56
19.00 1.1594 1.1378 1.1101 544 566 619 | 0.47 0.50 0.56
19.50 1.1543 1.1331 1.1057 543 591 617 | 0.47 0.52 0.56
20.00 1.1491 1.1286 1.1016 530 584 625 | 0.46 0.01 0.01

Note: SE2 results are not included
4.4.Neutron multiplication factor by deterministic codes

Neutronmultiplication factors calculated by deterministic codes are compared at different
void fractions inFigures 4.9, 4.10 and 4.1%everal submitted deterministic code results
are not included in the statistics in this sectemexplained below:

1. HEZ2 resuls exhibit unphysical trersdin ks (Figure 4.4)due to coarse current
coupling approximation used in the solution.

2. SC20 results indicate likely errors in the initial fuel composition data based on the
actinide results ifsection4.6.

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID



34 | NEA/NSC/R(2022)BCORR

3. SC9 results usedraodel without externally calculated Dancoff factawhich are
known to be important BWR lattice physics calculations.

4. Although no information was provided for SC11 results regarding the use of
Dancoff factors, because of their agreement with SC9 reQflt] results were
also not included.

As seen irFigures 4.9, 4.10 and 4.1tariations in the results from deterministic codes
increase with increasing void fractions. SCALE code results using differentsaotssn
libraries and solution options are th@ain contributors to the observed increase in the
variation of results at 40% and 70% void fractioB#fferent crosssection processing
options using the same cresaction library can calculatlkys values at the opposite
extremes of thé 2s band (e.gSC2 vs. SC4 irrigure 4.1). Possible reasons behind the
variations in the SCALE results are discussed furth&eation4.8.

In general, SCALE results using ENDFXBI predict higher values okin, while HE1
(ENDF/B-VI.1 47g), SC19 (ENDF/B/II.1 569), L4 (ENDF/BV 44g), SC5ENDF/B-

V 238g) and SC6 (ENDFA¥I 238q) consistently predict lower valueslgf. Code results
using older versions of ENDF/B libraries tend to predict the lokgstalues. If code
results using ENDF/B/ and ENDF/BVI are removd from comparisons, maximum
standard deviation is reduced by 6(Btgure 4.12. Statistics excluding code results with
the older ENDF/BV and ENDF/BV!I libraries are provided iffable 4.4

The maximum relative standard deviateolvesto 0.39% from).56% when void fraction
increase from 0% to 70%. Relative standard deviation at peak reactivity are 0.5% and
0.39% at 0% and 70% void fractions, respectively. These values are similar to MC code
results (0.4%, 0.38%).
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Figure 4.9. kint at 0% void fraction reported by Figure 4.10. kint at 40% void fraction reported by
deterministic codes deterministic codes
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Figure 4.11. kint at 70% void fraction reported by Figure 4.12. kinr at 70% void fraction reported
deterministic codes by deterministic codes (results with ENDF/BV

and -VI removed)
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Table 4.4. Statistics for kinf reported by deterministic codesexcluding resultswith ENDF/B-V and ENDF/B-

VI libraries

Burnup Mean 2s (pcm) 2%

(GWdA/MTU) | 0% 40% 70% 0% 40% | 70% | 0% 40% 70%
0.00 1.1556 1.1321 1.1069 381 363 359 0.33 0.32 0.32
0.10 1.1279 1.1062 1.0828 340 | 342 360 0.30 0.31 0.33
0.25 1.1266 1.1052 1.0822 329 334 352 0.29 0.30 0.33
0.50 1.1268 1.1058 1.0831 331 333 342 0.29 0.30 0.32
0.75 1.1285 1.1078 1.0851 328 326 335 0.29 0.29 0.31
1.00 1.1309 1.1104 1.0876 317 317 325 0.28 0.29 0.30
1.25 1.1337 1.1132 1.0904 301 303 312 0.27 0.27 0.29
1.50 1.1365 1.1161 1.0931 285 291 298 0.25 0.26 0.27
1.75 1.1395 1.1191 1.0959 269 278 282 0.24 0.25 0.26
2.00 1.1424 1.1220 1.0986 256 268 271 0.22 0.24 0.25
2.25 1.1454 1.1250 1.1012 248 260 261 0.22 0.23 0.24
2.50 1.1485 1.1279 1.1039 245 255 252 0.21 0.23 0.23
2.75 1.1516 1.1308 1.1064 248 255 247 0.22 0.23 0.22
3.00 1.1547 1.1337 1.1090 256 259 244 0.22 0.23 0.22
3.25 1.1579 1.1367 1.1115 267 267 243 0.23 0.24 0.22
3.50 1.1612 1.1397 1.1140 284 276 245 0.24 0.24 0.22
3.75 1.1646 1.1427 1.1165 304 289 247 0.26 0.25 0.22
4.00 1.1680 1.1457 1.1190 327 304 254 0.28 0.26 0.23
4.25 1.1715 1.1488 1.1215 351 321 260 0.30 0.28 0.23
4.50 1.1752 1.1519 1.1241 377 340 268 0.32 0.30 0.24
4.75 1.1789 1.1551 1.1266 405 361 279 0.34 0.31 0.25
5.00 1.1827 1.1583 1.1292 434 381 289 0.37 0.33 0.26
5.25 1.1866 1.1616 1.1317 464 401 301 0.39 0.35 0.27
5.50 1.1906 1.1649 1.1343 493 | 422 313 0.41 0.36 0.28
5.75 1.1947 1.1683 1.1369 521 444 327 0.44 0.38 0.29
6.00 1.1989 1.1717 1.1395 550 | 465 339 0.46 0.40 0.30
6.25 1.2032 1.1752 1.1422 580 485 353 0.48 0.41 0.31
6.50 1.2076 1.1787 1.1448 607 507 367 0.50 0.43 0.32
6.75 1.2119 1.1822 1.1474 632 528 380 0.52 0.45 0.33
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Table 4.4. Statistics forkins reported by deterministic codes, excluding resultsiith ENDF/B-
V and ENDF/B-VI libraries (continued)

7.00 1.2163 1.1856 1.1500 657 | 546 392 0.54 0.46 0.34
7.25 1.2206 1.1891 1.1526 673 | 563 404 0.55 0.47 0.35
7.50 1.2246 1.1924 1.1551 682 | 577 416 0.56 0.48 0.36
7.75 1.2284 1.1955 1.1575 689 | 589 427 0.56 0.49 0.37
8.00 1.2318 1.1984 1.1598 689 | 595 437 0.56 0.50 0.38
8.25 1.2348 1.2010 1.1620 686 | 600 444 0.56 0.50 0.38
8.50 1.2373 1.2033 1.1639 679 | 601 450 0.55 0.50 0.39
8.75 1.2393 1.2051 1.1656 672 | 598 452 0.54 0.50 0.39
9.00 1.2409 1.2067 1.1670 661 | 596 455 0.53 0.49 0.39
9.25 1.2420 1.2079 1.1681 648 | 591 455 0.52 0.49 0.39
9.50 1.2427 1.2087 1.1690 632 | 584 454 0.51 0.48 0.39
9.75 1.2428 1.2092 1.1697 616 | 577 453 0.50 0.48 0.39
10.00 1.2425 1.2093 1.1700 600 | 568 451 0.48 0.47 0.39
10.50 1.2407 1.2086 1.1699 569 | 547 443 0.46 0.45 0.38
11.00 1.2376 1.2066 1.1690 544 | 523 431 0.44 0.43 0.37
11.50 1.2336 1.2037 1.1671 528 | 507 421 0.43 0.42 0.36
12.00 1.22901 1.2000 1.1646 516 | 493 412 0.42 0.41 0.35
12.50 1.2242 1.1959 1.1614 508 | 482 404 0.41 0.40 0.35
13.00 1.2192 1.1915 1.1578 501 | 475 397 0.41 0.40 0.34
13.50 1.2140 1.1869 1.1539 497 | 469 393 0.41 0.40 0.34
14.00 1.2088 1.1822 1.1498 490 | 463 387 0.41 0.39 0.34
14.50 1.2036 11774 1.1456 486 | 458 383 0.40 0.39 0.33
15.00 1.1984 11727 1.1413 483 | 454 381 0.40 0.39 0.33
15.50 1.1932 1.1679 1.1370 477 | 450 378 0.40 0.39 0.33
16.00 1.1880 1.1632 1.1327 474 | 447 377 0.40 0.38 0.33
16.50 1.1829 1.1584 1.1284 468 | 444 376 0.40 0.38 0.33
17.00 1.1777 1.1538 1.1242 467 | 441 376 0.40 0.38 0.33
17.50 1.1725 1.1491 1.1199 464 | 438 375 0.40 0.38 0.34
18.00 1.1674 1.1445 1.1157 461 | 435 376 0.39 0.38 0.34
18.50 1.1623 1.1398 1.1115 458 | 433 374 0.39 0.38 0.34
19.00 1.1572 1.1353 1.1074 455 | 430 375 0.39 0.38 0.34
19.50 1.1520 1.1307 1.1033 454 | 427 373 0.39 0.38 0.34
20.00 1.1469 1.1261 1.0992 452 | 426 375 0.39 0.38 0.34

Note:SC9 and SC26@esults are not included

4.5.Burnup and distribution of gadolinium isotopes

Rod average concentrations of gadolinium isotopes and burnups calculated by all
participants are compared for all void fractions. Radial variation$*@d and'*'‘Gd

concentrations are also analysed. Results outside® 2seband are labelledvhere
applicablein Figures 4.13 to 4.36.
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4.5.1. *%Gd

Concentrations of“Gd at 0% and 70% void fractions are plotte@igures 4.13 and 4.14

The concentrations predicted by codesg JEFF libraries are generally the lowest of the
contributed results, while codes using ENDF/B libraries calculated the highest
concentrations. Statistics f6¥Gd concentrations are providedTiable 4.5

Figure 4.13. Rod average®4Gd concentrations at
0% void fraction

Figure 4.14. Rod average™®4Gd concentration at
70% void fraction
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Table 4.5. Statistics for rod average'®¥Gd concentrations
Burnup | 0% voidraction 40% voidraction 70% voidraction
GWd/MTY Average | 2s 25% | Average | 2s 25% | Average | 2s 2%
2 25505 | 2.97ED8 | 0.12 | 2.54ED5 | 3.46ED8 | 0.14 | 2.54ED5 | 4.35ED8 | 0.17
4 2.52ED5 | 5.68ED8 | 0.23 | 2.52ED5 | 6.78ED8 | 0.27 | 2.51ED5 | 8.35ED8 | 0.33
6 2.50ED5 | 8.27ED8 | 0.33 | 2.49ED5 | 1.01ED7 | 0.41 | 2.48ED5 | 1.24ED7 | 0.50
8 24705 | 1.09ED7 | 0.44 | 2.46ED5 | 1.33ED7 | 0.54 | 2.45ED5 | 1.64ED7 | 0.67
10 2.44ED5 | 1.35ED7 | 0.55 | 2.43ED5 | 1.63ED07 | 0.67 | 2.41E05 | 2.01ED7 | 0.83
12 241ED5 | 1.61ED7 | 0.67 | 2.40ED5 | 1.95ED7 | 0.81 | 2.38ED5 | 2.38ED7 | 1.00
14 2.38ED5 | 1.87ED7 | 0.79 | 2.36ED5 | 2.25ED7 | 0.95 | 2.34ED5 | 2.74E07 | 1.17
16 2.35ED5 | 2.14ED7 | 0.91 | 2.33E05 | 2.55E07 | 1.09 | 2.31E05 | 3.09ED7 | 1.34
18 2.32ED5 | 2.40ED7 | 1.03 | 2.30ED5 | 2.86ED7 | 1.24 | 2.28ED5 | 3.47ED7 | 1.52
20 2.29ED5 | 2.65ED7 | 1.16 | 2.27ED5 | 3.16ED7 | 1.40 | 2.24ED5 | 3.81ED7 | 1.70
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4.5.2. 15Gd

Concentrations 0f°Gd at 0% and 70% void fractions are plotteigures 4.15 and 4.16
HE2 results are outside thes Ddand throughout the depletion, increasing the standard
deviation significantly. Therefore, HE2 results were removed from the statistical analysis.

Detailed plots of*>Gd concentrations around 8 GWd/MTU are showRigures 4.17 and

4.18 SCALE results a& generally below the mean at all void fractionthile VESTA

results from predicteonly depletion (VE3P, VE4P, VE5P) predict higher concentrations
and are outsidhe X band, VESTA results from predicteorrector depletion (VE1, VE2,

VE3) are in line ith SCALE results. If VE3P, VE4P and VE5P results are removed, the
highest concentrations are predicted by AL1 at 0% and KENOREST results at 70% void
fraction. The lowest concentrations are observed for the AP1, HE4, SC2 and SE1 results in
general.

Statigics for'**Gd concentrations are providedTiable 4.6 The standard deviation in the
predicted concentrations increases with void fraction. Absolute standard deviation peaks
around 6 GWd/MTU and decreasafterwards at all void fractionsvhereasrelative
standard deviation peaks around 12 GWd/Mi@aching 52% at 70% void fraction
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Figure 4.15. Rod average'®*Gd concentrations
at 0% void fraction
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Figure 4.17. Rod average'®>Gd concentrations
at 0% void fraction (HE2 results removed)
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Figure 4.16. Rod average'®Gd concentrations
at 70% void fraction
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Figure 4.18. Rod average!®>*Gd concentrations
at 70% void fraction (HE2 results removed)
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Table 4.6. Statistics for rod average'®Gd concentrations

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTY Average | 2s 23% | Average | 2s 25% | Average | 2s 23%
2 1.36ED4 | 1.96E06 | 1.4 | 1.37ED4 | 1.69ED6 | 1.2 | 1.38ED4 | 1.73E06 | 1.3
4 8.98ED5 | 3.33E06 | 3.7 | 9.23ED5 | 3.61ED6 | 3.9 | 9.59ED5 | 4.59ED6 | 4.8
6 4.68ED5 | 3.64E06 | 7.8 5.14ED5 | 3.57ED6 | 6.9 5.73E05 | 5.39ED6 | 9.4
8 1.56ED5 | 2.97ED6 | 19.0 | 2.03E05 | 2.85E06 | 14.0 | 2.67ED5 | 4.62ED6 | 17.3
10 2.70ED6 | 8.67ED7 | 32.1 | 4.82E06 | 1.23ED6 | 25.6 | 8.56ED6 | 2.80ED6 | 32.7
12 3.95E07 | 1.32ED7 | 33.5 | 8.62E07 | 2.87ED7 | 33.3 | 2.05ED6 | 1.04ED6 | 50.8
14 144807 | 2.53E08 | 17.5 | 2.38E07 | 6.02E08 | 25.3 | 5.27ED7 | 2.76ED7 | 52.4
16 1.19807 | 1.43ED8 | 11.9 | 1.55E07 | 2.36ED8 | 15.2 | 2.40ED7 | 7.48ED8 | 31.1
18 1.15E07 | 1.28E08 | 11.2 | 1.42ED7 | 1.83ED8 | 12.8 | 1.88ED7 | 3.40E08 | 18.1
20 1.12E07 | 1.22E08 | 11.0 | 1.38ED07 | 1.71ED8 | 12.4 | 1.77ED7 | 2.66E08 | 15.0

Note: HE2 results are not included

4.5.3. 1°6Gd

1%6Gd concentrations at 0% and 70% void fractions are plott&igimres 4.19 and 4.20

The HE2 results appear to be anomalously low and were removed from the statistics.
KENOREST results move from overpredictiifcd concentrations at 0% void fraction to
underpredicting at 70% void fraction. KENOREST results are outsidestbar®l at 70%

void fraction. HE1 and AL1 results underpredi®Gd concentrations and are outside the

2s band at 0% void fraction. Statistics f6fGd concentrations are providedTiable 4.7

Figure 4.19. Rod average®®Gd concentrations at Figure 4.20. Rod average**Gd concentration at
0% void fraction 70% void fraction
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Table 4.7. Statistics for rod average!>®Gd concentrations

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTY Average | 2s 25% | Average | 2s 25% | Average | 2s 2%
2 2.78ED4 | 2.02ED6 | 0.72 | 2.78E04 | 1.77ED6 | 0.64 | 2.77ED4 | 1.82ED6 | 0.66
4 3.24ED4 | 3.34E06 | 1.03 | 3.21ED4 | 3.68ED6 | 1.15 | 3.18ED4 | 4.73ED6 | 1.49
6 3.67E04 | 3.57ED6 | 0.97 3.62E04 | 3.58ED6 | 0.99 3.55E04 | 5.56E06 | 1.56
8 3.97E04 | 2.86ED6 | 0.72 3.92E04 | 2.87ED6 | 0.73 3.85E04 | 4.88E06 | 1.27
10 4.09ED04 | 8.78ED7 | 0.21 | 4.06ED4 | 1.42ED6 | 0.35 | 4.02ED4 | 3.23ED6 | 0.80
12 4.11E04 | 6.41E07 | 0.16 | 4.09ED4 | 9.49ED7 | 0.23 | 4.07ED4 | 1.83ED6 | 0.45
14 4.10ED4 | 7.60ED7 | 0.19 | 4.09ED4 | 1.03E06 | 0.25 | 4.08ED4 | 1.50ED6 | 0.37
16 4.10ED4 | 8.92ED7 | 0.22 | 4.08E04 | 1.17ED6 | 0.29 | 4.07ED4 | 1.64ED6 | 0.40
18 4.098D4 | 1.02ED6 | 0.25 | 4.07ED4 | 1.36ED6 | 0.33 | 4.06ED4 | 1.84ED6 | 0.45
20 4.08E04 | 1.14ED6 | 0.28 | 4.07ED4 | 1.52E06 | 0.37 | 4.05ED4 | 2.07ED6 | 0.51

Note: HE2 results are not included

4.5.4. °'Gd

Concentrations 0f’Gd at 0% and 70% void fractions are plotteéfigures 4.21 and 4.22
HE?2 results predict concentrations larger than théahd at 70% void fractignvhile all
KENOREST results predict concentrations less than shiga®d at all void fractions. The
contribution of KENOREST and HE2 results to the standard deviation iicigm,
therefore all KENOREST and HE2 results are removed from the statistics.

The ¥'Gd concentrations at 0% and 70% void fractions, without KENOREST and HE2
results, are plotted iRigures 4.23 and 4.2r a burnup range between 5.5 GWd/MTU
and7.5 GWd/MTU. AL1 results predict higher concentrations than the other codes and are
outside the & band at all void fractions. Statistics f6fGd concentrations are provided in
Table 4.8

Unlike the results fol*>Gd, the standard deviation decreaséh mcreasing void fraction.
Standard deviation increases with burnup and peaks around 4 GWd/MTU. The relative
standard deviation peaks around 8 GWd/MTéaching abové0% at 0% void fraction.
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Figure 4.21. Rod average'®’Gd concentrations at 0% Figure 4.22. Rod average'®’Gd concentrations at 70%
void fraction void fraction
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Figure 4.23. Rod average'®’Gd concentrations at 0% Figure 4.24. Rod average'®>’Gd concentrations at 70%
void fraction (KENOREST and HE2 results removed void fraction (KENOREST and HE2 results removed

Gd Isotopes Gd Isotopes
\ o

5.000-5

T DTN BN TEC BOL BN PTH R W SN AL AT P L L R s AL L L e VL U B A0S L RTE. L N PR AT L AT B R

T
55 & 85 7 75 55 8 65 7 75
Burnup [GWdMTU] Burnup [GWdMTU]

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID



44| NEA/NSC/R(2022)BCORR

Table 4.8. Statistics for rod average'®’Gd concentrations

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTY Average | 2s 25% | Average | 2s 2s% | Average | 2s 2%
2 9.36ED5 | 2.67ED6 | 2.85 | 9.48ED5 | 2.52ED6 | 2.65 | 9.73E05 | 2.40ED6 | 2.46
4 3.80ED5 | 3.20ED6 | 8.42 | 4.02ED5 | 2.92ED6 | 7.26 | 4.36ED5 | 2.81ED6 | 6.45
6 8.78E06 | 2.01ED6 | 22.84| 1.07EDS5 | 1.93ED6 | 17.99| 1.36ED5 | 2.01E06 | 14.72
8 4.35E07 | 2.64ED7 | 60.67| 8.84ED7 | 4.01ED7 | 45.37| 1.85E06 | 6.32ED7 | 34.15
10 1.05E07 | 1.34ED8 | 12.79| 1.55E07 | 2.36ED8 | 15.26| 2.49ED7 | 4.94ED8 | 19.84
12 9.71ED8 | 1.20ED8 | 12.31| 1.38ED7 | 1.93ED8 | 14.05| 1.98ED7 | 3.27ED8 | 16.50
14 9.49ED8 | 1.17ED8 | 12.31| 1.34ED7 | 1.86ED8 | 13.86| 1.90E07 | 3.09ED8 | 16.27
16 9.33E08 | 1.14ED8 | 12.18| 1.33ED7 | 1.84ED8 | 13.88| 1.88E07 | 3.04ED8 | 16.16
18 9.16ED8 | 1.12ED8 | 12.21| 1.31ED7 | 1.80ED8 | 13.78| 1.87E07 | 3.01E08 | 16.11
20 8.97ED8 | 1.09ED8 | 12.19| 1.29ED7 | 1.78ED8 | 13.77| 1.86E07 | 3.00ED8 | 16.13

Note:HE2 and KENORESTesults are not included

4.5.5. 158Gd

The concentrations df%Gd at 0% and 70% void fractions are plottedrigures 4.25 and
4.26 While KENOREST predicts the highest concentrations, HELIOS psdtitowest
compared to other code results at all void fractions. HELIOS results are outsideoted?
and significantly increase standard deviatemd are therefore removed from the statistics
presented ifable 4.9

Figure 4.25. Rod average®®Gd concentration
at 0% void fraction
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Figure 4.26. Rod average'®®Gd concentration
at 70% void fraction
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Table 4.9. Statistics for rod average!®>*Gd concentrations

Burnup | 0% voidraction 40% voidraction 70% voidraction

SWd/MT Average | 2s 25% | Average | 2s 25% Average | 2s 25%
2 3.84E04 | 6.17ED6 | 1.61 | 3.83ED4 | 5.4676H6 | 1.43 | 3.80E04 | 4.11E06 | 1.08
4 4.40ED4 | 7.89ED6 | 1.79 | 4.38ED4 | 6.7832D6 | 1.55 4.34E04 | 4.99ED6 | 1.15
6 4.69ED4 | 3.48ED6 | 0.74 | 4.67ED4 | 3.35878€6 | 0.72 | 4.64ED4 | 2.84E06 | 0.61
8 4.77ED4 | 3.72ED7 | 0.08 | 4.76ED4 | 5.02ED7 0.11 4.76ED4 | 7.20ED7 | 0.15
10 4.77ED04 | 3.00ED7 | 0.06 | 4.77ED4 | 3.48E07 0.07 | 4.78ED4 | 4.31E07 | 0.09
12 4.78E04 | 3.56ED7 | 0.07 | 4.78ED4 | 4.27ED7 0.09 4.78ED4 | 5.15E07 | 0.11
14 4.78ED4 | 4.27ED7 | 0.09 | 4.78ED4 | 5.06ED7 0.11 4.78ED4 | 6.28ED7 | 0.13
16 4.78ED4 | 4977 | 0.10 | 4.78ED4 | 5.95ED7 0.12 47904 | 7.43E07 | 0.16
18 4.78ED4 | 5.61ED7 | 0.12 | 4.79ED4 | 6.88ED7 0.14 4.79ED4 | 8.66ED7 | 0.18
20 4.79ED4 | 6.47ED7 | 0.14 | 4.79ED4 | 7.96ED7 0.17 4.80ED4 | 9.97ED7 | 0.21

Note:HE1, HE2, HE3 and HE4 results are not included

4.5.6. 1°9Gd

189Gd concentrations at 0% and 70% void fractions are plott&igires 4.17 and 4.28

The KE2 results are below thes band. SC1 results show consistently higHéGd
concentrations and are also outside teeband. SW1 results deviate from other code
results and predict lower concentrations than KE2 as burnup increases. SC11 and HE1
results are excluded in comparisons due to insufficient number of digits. Statistfé&tbr
concentrations are providedTiable 4.10

Figure 4.27. Rod average'®“Gd concentration

at 0% void fraction
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Figure 4.28. Rod average'®%Gd concentration

at 70% void fraction
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Table 4.10. Statistics for rod average'®®Gd concentration

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTY Average | 2s 23% | Average | 2s 23% | Average | 2s 23%
2 2.57ED4 | 9.17ED8 | 0.04 | 2.57ED4 | 9.03E08 | 0.04 | 2.57ED4 | 8.11ED8 | 0.03
4 2.57ED4 | 7.69ED8 | 0.03 | 2.57ED4 | 9.52E08 | 0.04 | 2.57ED4 | 8.02E08 | 0.03
6 2.57ED4 | 7.65ED8 | 0.03 | 2.57ED4 | 9.31ED8 | 0.04 | 2.57ED4 | 9.97ED8 | 0.04
8 2.57E04 | 8.91E08 | 0.03 | 2.57ED4 1.03E07 | 0.04 | 2.57ED4 | 1.18ED7 | 0.05
10 2.57ED4 1.03E07 | 0.04 | 2.57ED4 1.14E07 | 0.04 | 2.57ED4 | 1.34ED7 | 0.05
12 2.57ED4 1.11E07 | 0.04 | 2.57ED4 1.26ED7 | 0.05 | 2.56E04 | 1.49ED7 | 0.06
14 2.57ED4 1.15E07 | 0.04 | 2.56ED4 1.37E07 | 0.05 | 2.56ED4 | 1.64ED7 | 0.06
16 2.57ED4 1.21E07 | 0.05 | 2.56ED4 1.49E07 | 0.06 | 2.56E04 | 1.82ED7 | 0.07
18 2.56E04 | 1.31ED7 | 0.05 | 2.56ED4 | 1.63E07 | 0.06 | 2.56ED4 | 2.03E07 | 0.08
20 2.56E04 | 1.43ED7 | 0.06 | 2.56ED4 | 1.74E07 | 0.07 | 2.56ED4 | 2.21ED7 | 0.09

Note: SC11 and HEtesults are not included

4.5.7. Radial variation of**>Gd and®’Gd concentrations

Radial variatios in **Gd and"®’Gd concentrations are analysed at 8 GWd/MTU, selected
as a burnup that has the largest standard deviatidayait all void fractions.*°Gd
concentrations frm all participants are shown in Figusr4.29 and 4.3at 0% and 70%

void fractions, respectively. Although all code results shavgimilar decrease in
concentrations with increasing radius, there is a large variation in ring 1 (innermost) for a
0% void fraction. AL1 and HE1 predict larger cemtrations than other code results in
general. While AL1 predicts the largest concentrations at all void fractions, MO1 predicts
the lowest concentrations. Statistics for the concentrations in each ring at 8 GWd/MTU are
listed inTable 4.11

As expected:>Gd concentrations exhibit a steeper change with increasing r&dtjuses

4.31 and 4.3R compared t6°°Gd concentrationSimilar to'*°Gd, AL1 predicts the largest
concentrations of’Gd, while MO1 predicts the lowest concentrations (at 70@1 is

the second lowest after SC16). Statistics for the concentrations in each ring at 8 GWd/MTU
are listed inTable 4.12 The largest standard deviation is in ringal which relative
standard deviation decreases from 77% to 34% between 0% and 70% voih$racti

Since the largest variations are observed in rifgfG&d and*>’Gd concentrations in ring 1
as a function of burnup are plotted at 0% and 70% void fracti€igarges 4.33, 4.34, 4.35
and 4.3%. KENOREST results are below the Band at all void fraions, and HE2 results
are above the band at 70% void fraction.

BURNUPCREDIT CRITICALITY BENCHMARK PHASE 1ID



NEA/NSC/R(2022)8CORR| 47

Figure 4.29. Radial change in*5Gd
concentrationat 0% void fraction

at 8 GWd/MTU
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Figure 4.31. Radial change in*>Gd
concentration at 0% void fraction
at 8 GWd/MTU
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Figure 4.30. Radial change in**Gd
concentration at 70% void fraction
at 8 GWdA/MTU
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Figure 4.32. Radial change in*>Gd
concentration at 70% void fraction
at 8 GWd/MTU
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Table 4.11. Statistics for >Gd concentration at 8 GWd/MTU

Ringnumber | 0% voidraction 70% voidraction

Average 2s 25% Average 2s 25%
1 5.73E05 8.41ED6 14.7 7.64ED5 5.74ED6 7.5
2 3.92ED5 6.95E06 17.7 5.97ED5 5.75E06 9.6
3 2.54E05 5.16ED6 20.3 4.42E05 5.25E06 11.9
4 1.55ED5 3.98E06 25.6 3.09E05 5.13E06 16.6
5 9.36ED6 2.38ED6 25.4 2.09ED5 3.38E06 16.1
6 5.39ED6 1.54ED6 28.6 1.35E05 2.56E06 19.0
7 2.98ED6 9.17ED7 30.8 8.26ED6 1.81E06 21.9
8 1.61E06 5.17ED07 322 4.83E06 1.15ED06 23.7
9 8.34ED7 2.84E07 34.0 2.64ED6 7.12E07 27.0
10 4.12E07 1.29E07 31.3 1.29ED6 3.57E07 27.8

Note:HE2 and KENORESTesults are not included

Table 4.12. Statistics for 1>’Gd concentration at 8 GWd/MTU

Ringnumber | 0% voidraction 70% voidraction

Average 2s 2s% Average 2s 25%
1 2.66ED06 2.04ED6 76.8 1.12ED5 3.82ED6 34.2
2 6.43ED7 4.78ED7 74.4 4.06ED6 1.73ED6 42.6
3 2.21807 9.33ED8 42.2 1.33ED6 5.98E07 45.0
4 1.46ED7 2.70ED8 18.5 5.15E07 1.88ED7 36.4
5 1.31E07 1.71E08 13.1 3.18ED7 6.85ED8 21.6
6 1.25E07 1.46ED8 11.7 2.68ED7 4.44E08 16.6
7 1.21ED7 1.37ED8 11.3 2.50ED7 3.85E08 15.4
8 1.19807 1.31E08 111 2.40807 3.67ED8 15.2
9 1.17E07 1.27ED8 10.9 2.33E07 3.51E08 15.0
10 1.16ED7 1.33E08 115 2.29E07 3.55E08 15.5

Note:HE2 and KENORESTesults are not included

BURNUPCREDIT CRITICALITY BENCHMARK PHASE 1ID



NEA/NSC/R(2022)BCORR| 49

Figure 4.33. Radial 1>°Gd concentration at 0% void Figure 4.34. Radial *>°Gd concentration at
fraction in ring 1 70% void fraction in ring 1
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Figure 4.35. Radial **’Gd concentration at 0% void Figure 4.36. Radial **’Gd concentration at
fraction in ring 1 70% void fraction in ring 1
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4.5.8. Gadolinia rod burnup

Gadolinarod burnup versus lattice average burmplotted in Figures 4.37 and 4.3&

0% and 70% void fractions, respectively. Gadalioid burnup exhibits a linear trend after

8 GWd/MTU, after which***Gd and®*’Gd concentrations are largely depleted. Large
variations in predicted gadolearod burnup are observed around peak reactiwiih a
relative standard deviation of 11%s(®f 0.68 GWD/MTU) at an assembly burnup of 10
GWd/MTU. This variation is consistent across all void fractions. The deviation decreases
to 7% at the end of depletion.

Detailed plots of gadoliairod burnups at 0% and 70% void fractions are provided in
Figures 4.39 and 4.46@espectively. AP1 predicts the largest burnups, while SCALE results
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with old libraries (ENDF/BV, ENDF/B-VI) predict the lowest burnups at all void

fractions.

Statistics for lhe gadolinia rod burnup based on all participant resatéslisted in
Table4.13 The absoluteincreases from 0.18 GWd/MTU to ~1 GWd/MTU at the end
of depletion. Void fraction has a negligible effect the magnitude of the standard

deviation.

Figure 4.37. Gadolinia rod average burnup
versus lattice average burnup at 0% void
fraction
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Figure 4.38. Gadolinia rod average burnup
versus lattice average burnup at 70% void
fraction
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Figure 4.39. Gadolinia rod average burnup Figure 4.40. Gadolinia rod average burnup
versus lattice average burnup around peak versus lattice average burnup around peak
reactivity at 0% void fraction reactivity at 70% void fraction
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Table 4.13. Statistics for gadolinia rod burnup
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Average | 2s 25% Average 2s 2s Average 2s 25%
2 7.68ED1 1.85E01 | 24.1 8.55E01 1.86E01 | 21.7 9.41E01 1.86ED01 19.8
4 1.73E+00| 3.43ED1 | 19.8 1.89E+00 | 3.41ED1 | 18.1 2.04E+00 3.42ED1 16.8
6 2.91E+00| 4.76ED1 | 16.3 3.12E+00 | 4.71ED01 | 15.1 3.31E+00 472901 14.3
8 4.34E+00| 5.84E01 | 13.5 455E+00 | 5.78ED1 | 12.7 4.74E+00 5.80ED1 12.2
10 5.97E+00| 6.63E01 | 11.1 6.16E+00 | 6.60ED1 | 10.7 6.33E+00 6.68E01 10.6
12 7.71E+00| 7.24ED1 | 9.4 7.87E+00 | 7.28ED1 | 9.3 8.01E+00 7.45E01 9.3
14 9.47E+00| 7.79ED01 | 8.2 9.62E+00 | 7.89ED1 | 8.2 9.74E+00 8.15E01 8.4
16 1.12E+01| 8.36ED1 | 7.4 1.14E+01 | 8.50E01 | 7.5 1.15E+01 8.82E01 7.7
18 1.30E+01| 8.94ED1 | 6.9 1.32E+01 | 9.12ED1 | 6.9 1.33E+01 9.52E01 7.2
20 1.48E+01| 9.53ED1 | 6.4 1.49E+01 | 9.76ED1 | 6.5 1.50E+01 1.02E+00 | 6.8

4.6. Actinide concentrationsin UO» rods

Average actinide concentrations in bJf@ds are compared irigures 4.410 4.74.0nly
40% void fraction results are plotted, unless a significant trend with void fraction was
observed.

SC1 results did not includBive-year decay results for most void fractions and were
therefore not included in the statistics decayedhuclide concentrations. SC20 actinide
results indicate an error in the initial uranium isotopic concentrations and were also not
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included in the analysis of actinide and fission product concentrations in the remainder of
this report.

4.6.1. 2%

The?3®U results are stven in Figures 4.41A detailed plot for the 220 GWd/MTU burnup
interval is also provided iffigure 4.42 The lowest?*®U concentrations are reported by
KENOREST. SC11 and HE1 results were not provided with sufficient significant digits
and were therefonemoved from the comparisorigeoscillation of SC13 results m° 2s

band is a possible indication of an unconverged solution. Statisti€éJaroncentrations

are provided ifTable 4.14 The relative deviation is below 0.07% at all void fractions and

burnups.
Figure 4.41. 28 concentration at 40% void Figure 4.42. 228 concentration at 40% void
fraction fraction in 1520 GWd/MTU burnup interval
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Table 4.14. Statistics for 238 concentration

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWdA/MTY Mean 2s 23% Mean 2s 23% | Mean 2s 3%
2 2.24E02 | 2.43E06 | 0.01 | 2.24ED2 | 2.29ED6 | 0.01 | 2.24ED2 | 3.39ED6 | 0.02
4 2.24E02 | 3.06E06 | 0.01 | 2.24ED2 | 2.47ED6 | 0.01 | 2.24ED2 | 3.87ED6 | 0.02
6 2.24E02 | 2.67ED6 | 0.01 2.24E02 | 3.05ED6 | 0.01 2.24E02 | 5.53E06 | 0.02
8 2.23E02 | 4.57ED6 | 0.02 2.23E02 | 4.83ED6 | 0.02 2.23E02 | 7.23E06 | 0.03
10 2.23E02 | 4.79ED6 | 0.02 2.23E02 | 6.21ED6 | 0.03 2.23E02 | 8.30ED6 | 0.04
12 2.23E02 | 5.65ED6 | 0.03 2.23E02 | 6.59E06 | 0.03 2.23E02 | 9.96E06 | 0.04
14 2.23ED02 | 7.08ED6 | 0.03 | 2.22ED2 | 8.15ED6 | 0.04 | 2.22ED2 | 1.03ED5 | 0.05
16 2.22ED2 | 7.16E06 | 0.03 2.22ED2 | 8.90ED6 | 0.04 2.22E02 | 1.21ED5 | 0.05
18 2.22ED2 | 8.10E06 | 0.04 | 2.22ED2 | 1.03E05 | 0.05 | 2.22ED2 | 1.38ED5 | 0.06
20 2.22ED2 | 8.95E06 | 0.04 | 2.22ED2 | 1.13ED5 | 0.05 | 2.21ED2 | 1.57ED5 | 0.07

Note: SC20 results are not included

4.6.2. 23U

The %U concentrations are shown Figure 4.43 A detailed plot in 120 GWd/MTU
burnup interval is also provided Figure 4.44 KE2 (JEFF2.2) results are outside tise 2
band. KE3 (JENDL/AC) results are near the upgeb@nd while SW1 (JENDI4) results
are near the lower band. Statistios>>"U concentrations are provided Table 4.15 The
relative standard deviation is below 1.79%.
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Figure 4.43. 24U concentration at 40% void Figure 4.44. 2% concentration at 40% void fraction
fraction in 15-20 GWd/MTU burnup interval
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Table 4.15. Statistics for 234U concentration

Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU | Mean 2s 5% Mean 2s 23% Mean 2s 23%
2 8.26ED6 1.22E08 0.15 8.24ED6 1.34E08 0.16 8.22ED6 1.56E08 | 0.19
4 8.06ED6 2.28ED8 0.28 8.02ED6 2.60ED8 0.32 7.97ED6 3.03E08 | 0.38
6 7.87ED6 3.25E08 0.41 7.81ED6 3.76E08 0.48 7.74ED6 4.36ED8 | 0.56
8 7.68E06 | 4.26ED8 0.56 7.60E06 | 4.83ED8 0.64 7.52E06 | 5.62ED8 | 0.75
10 7.50ED6 5.09ED8 0.68 7.41E06 5.80ED8 0.78 7.31ED6 6.68ED8 | 0.91
12 7.32ED6 5.90ED8 0.81 7.21ED6 6.68ED8 0.93 7.11E06 7.75E08 | 1.09
14 7.14ED6 6.69E08 0.94 7.03ED6 7.54ED8 1.07 6.91ED6 8.73E08 | 1.26
16 6.97ED6 7.43E08 1.07 6.84ED6 8.37ED8 122 6.71E06 | 9.68ED8 | 1.44
18 6.79ED6 8.13E08 1.20 6.65E06 9.08ED8 1.36 6.52E06 1.05807 | 1.61
20 6.62ED6 8.80ED8 1.33 6.47ED6 9.87ED8 1.53 6.33E06 1.1307 | 1.79

Note: SC20results are not included

4.6.3. 22U

The ?*U concentrations are plotted Figure 4.45 A detailed plot in 120 GWd/MTU
burnup interval is also provided Figure 4.46 Highest concentrations are predicted by
HELIOS and CAlcodes. CA1 results are outside treeldand at all void fractions. AL1

and SC2 (ENDF/BY) predict the lowest concentrations. Statistics?fdd concentrations

are provided inTable 4.16 The standard deviation increases with burnup and decreases
with void fraction. The maximum relative standard deviation is 1.5% at 0% void fraction.
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Figure 4.45, 2% concentration at 40% void
fraction
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Figure 4.46. 2% concentration at 40% void fraction
in 15-20 GWd/MTU burnup interval
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Table 4.16. Statistics for 23®U concentration

Burmup ([GWdMTLU]

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTY Mean 2s 2% Mean 2s 2% Mean 2s 2%
2 8.88ED4 | 8.49ED7 | 0.10 | 8.88ED4 | 7.26ED7 | 0.08 | 8.89ED4 | 7.20ED7 | 0.08
4 8.32ED4 | 1.53E06 | 0.18 | 8.33ED4 | 1.44ED6 | 0.17 | 8.35ED4 | 1.39ED6 | 0.17
6 7.79ED4 | 2.25E06 | 0.29 | 7.82ED4 | 2.08ED6 | 0.27 | 7.85ED4 | 1.95ED6 | 0.25
8 7.30ED4 | 3.05E06 | 0.42 | 7.34ED4 | 2.78ED6 | 0.38 | 7.38ED4 | 2.60ED6 | 0.35
10 6.83E04 | 3.76ED6 | 0.55 6.88ED4 | 3.46ED6 | 0.50 6.94ED04 | 3.22E06 | 0.46
12 6.38E04 | 4.49ED6 | 0.70 6.45ED4 | 4.09ED6 | 0.63 6.52E04 | 3.91E06 | 0.60
14 5.95E04 | 5.19ED6 | 0.87 6.04ED4 | 4.77ED6 | 0.79 6.12ED04 | 4.59ED06 | 0.75
16 5.54ED4 | 5.85E06 | 1.06 | 5.64ED4 | 5.37ED6 | 0.95 | 5.75ED4 | 5.27ED6 | 0.92
18 5.14ED4 | 6.40ED6 | 1.24 5.27ED4 | 5.92E06 | 1.12 5.39ED4 | 5.94E06 | 1.10
20 4.77ED4 | 6.91E06 | 1.45 4.91ED4 | 6.49ED06 | 1.32 5.04ED4 | 6.61E06 | 1.31

Note: SC20results are not included

4.6.4. 2V

The #%J concentrations are plotted Figure 4.47 A detailed plot in 120 GWd/MTU

burnup interval is also provided Figure 4.48 As seen irFigure 4.48 all code results
except KENOREST, CA1 and SC2 are tightly clustered around the mean. KE1, KE3 and
SC2 predict the highest concentrations?8®), and KE2 and CA1 predict the lowest

concentrations. KE1, KE2 and CA1 results are outside shbahd. Statists for 23U

concentrations are provided Trable 4.17 Standard deviation increases with burnup and
void fraction while relative standard deviation is near constant (~2.2%).
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Figure 4.47. 2% concentrationat 40% void Figure 4.48. 2% concentration at 40% void
fraction fraction in 1520 GWd/MTU burnup
interval
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Table 4.17. Statistics for 228U concentration

Burnup | 0% voidraction 40% voidraction 70% voidraction

GWd/MTU Mean 2s 25% | Mean 2s 25% | Mean 2s 2%
2 1.08E05 | 2.49E07 | 2.31 | 1.11ED5 | 2.65ED7 | 2.39 | 1.14ED5 | 2.96ED7 | 2.60
4 2.07ED5 | 4.76E07 | 2.30 | 2.12ED5 | 4.95ED7 | 2.33 | 2.18ED5 | 5.44E07 | 2.50
6 3.00ED5 | 6.74ED7 | 2.25 | 3.06ED5 | 6.96ED7 | 2.28 | 3.13ED5 | 7.55E07 | 2.41
8 3.85ED5 | 8.53E07 | 2.21 | 3.93ED5 | 8.74E07 | 2.23 | 4.02ED5 | 9.37ED7 | 2.33
10 4.66ED5 | 1.02E06 | 2.20 | 4.74ED5 | 1.04E06 | 2.19 | 4.83ED5 | 1.10ED6 | 2.27
12 5.41ED5 | 1.18ED6 | 2.19 | 54905 | 1.19ED6 | 2.17 | 5.60ED5 | 1.24ED6 | 2.22
14 6.13E05 | 1.33E06 | 2.17 | 6.21ED5 | 1.33ED6 | 2.14 | 6.31ED5 | 1.37ED6 | 2.18
16 6.81ED5 | 1.47ED6 | 2.16 | 6.88ED5 | 1.45ED6 | 2.11 | 6.99ED5 | 1.49ED6 | 2.14
18 7.45E05 | 1.60ED6 | 2.14 | 7.52ED5 | 1.57ED6 | 2.09 | 7.62E05 | 1.61ED6 | 2.11
20 8.06ED5 | 1.71ED6 | 2.12 | 8.12ED5 | 1.68ED6 | 2.07 | 8.21ED5 | 1.73ED6 | 2.11

Note: SC20results are not included

4.6.5. >*Np

The #Np concentrations are shown fiigure 4.49 All code results are tightly clustered
around themean with the exception of KENOREST results (KE1, KE2, KE3) and SE2.
All KENOREST results have a large bias compared to other code results. KENOREST
results increasthe standard deviatiothredold. Thereforethe KENOREST results are
removed from statiics (Figure 4.50. The lowest concentrations are predicted by SE and
are below the £ band. Statistics for*Np concentrations at discharge dive-year decay

are provided iMake 4.18 The standard deviation decreases with burnup and void fraction
at discharge. Aftefive-year decay, the standard deviation does not change significantly.
The lowest standard deviations are observed at 40% void fraction.
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Figure 4.49. ZNp concentration at 70% void Figure 4.50. Z"Np concentration at 70% void
fraction fraction (KENOREST results removed)
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Table 4.18. Statistics for 2"Np concentration

Oyears

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU Mean 2s 23% | Mean 2s 25% | Mean 2s 23%
2 149807 | 1.16ED8 | 7.77 | 1.74ED7 | 1.32ED8 7.58 | 1.98ED7 | 1.98EDS8 9.99
4 3.96ED7 | 2.50ED8 | 6.31 | 4.64ED7 | 2.88ED8 6.22 | 5.31ED7 | 4.36ED8 8.22
6 7.05ED7 | 4.00ED8 | 5.67 | 8.27ED7 | 4.61ED8 5.57 | 9.49ED7 | 6.89ED8 7.26
8 1.06ED6 5.59E08 5.26 1.25E06 6.39ED8 5.13 1.43E06 9.31E08 6.51
10 1.45E06 7.17E08 4.93 1.71ED6 8.04ED8 4.72 1.96ED6 1.16E07 5901
12 1.88ED6 8.82ED8 4.68 2.21E06 9.71ED8 4.40 2.53ED6 1.40ED7 5.54
14 2.35ED6 1.05E07 4.47 2.74E06 1.15E07 4.20 3.13E06 1.65E07 5.27
16 2.84ED6 1.21E07 4.27 3.31E06 1.34E07 4.04 3.77ED6 1.92ED7 5.10
18 3.37ED6 1.40ED7 4.14 3.91E06 1.55E07 3.97 4.44ED6 2.20ED7 4.95
20 3.92ED6 1.58E07 4.03 4.53E06 1.77E07 3.91 5.13ED6 2.47ED7 4.82
5years

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU Mean 2s 23% | Mean 2s 23% | Mean 2s 23%
2 1.76ED7 1.27ED8 7.23 2.05E07 1.44E08 7.01 2.34E07 2.23ED8 9.54
4 4.32ED07 | 2.65ED8 | 6.14 | 5.07ED7 | 3.05ED8 6.03 | 5.81ED7 | 4.71ED8 8.11
6 7.50ED7 | 4.23E08 | 5.63 | 8.81ED7 | 4.87ED8 552 | 1.01E06 | 7.31ED8 7.23
8 1.11E06 | 5.93E08 | 5.33 | 1.31ED6 | 6.67ED8 5.10 | 1.50ED6 | 9.81ED8 6.53
10 15106 | 7.66ED8 | 5.06 | 1.78ED6 | 8.46ED8 476 | 2.04E06 | 1.22ED7 5.97
12 1.95E06 | 9.33E08 | 4.78 | 2.28E06 | 1.00ED7 439 | 2.62E06 | 1.48ED7 5.63
14 2.42E06 1.11E07 4.58 2.83E06 1.19E07 4.19 3.24ED6 1.74E07 5.38
16 2.93E06 1.29E07 441 3.41E06 1.37E07 4.03 3.89ED6 2.03ED7 5.22
18 3.46ED6 1.48E07 4.26 4.02ED6 1.59E07 3.96 4.57ED6 2.32ED7 5.08
20 4.02E06 | 1.68ED7 | 4.18 | 4.65ED6 | 1.90ED7 4.08 | 5.27E06 | 2.60ED7 4.94

Note: SC20 and KENORESTesults are not included

4.6.6. >>%Pu

The®®%u concentrations astiown inFigures 4.51, 4.521.53 andt.54 SC1 results do not
include®®Pu concentratiornstherefore five-year decay concentrations for any Pu isotope
are not included inthe comparisonsFigure 4.51shows the general trend in th&Pu
concentration®®Pu concentrations in 320 GWd/MTU burnup interval are shown in
Figures 4.52 and 4.53A bias between KENOREST is evidenthigures 4.52 and 4.53

with KENOREST predicting higher concentrations than other code results. CA1 predict the
lowest concentrationgxcept at 70% void fraction. SE2 and SE1 results are separated with
a bias at 70% void fraction, and SE2 results are outsidestharii.

After five-year decay Kigure 4.53, the trend in **®Pu concentrations stays the same.
Statistics for**%Pu concentrations are provided Table 4.19 Standard deviation in the
discharge results increases with increasing burnup and void frattienelative sandard
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deviation is around Q3% at peak reactivity untihe end of depletion. The relative
standard deviation do diwdqyaartdecayhange signi ficant|

Figure 4.51. 2%u concentration at 40%void Figure 4.52. 2%Pu concentration at 40% void
fraction at discharge fraction in 17-20 GWd/MTU burnup
interval
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Figure 4.53. 23%Pu concentration at 70% void Figure 4.54. 23%Pu concentration at 70% void
fraction in 17-20 GWd/MTU burnup fraction after five-year decay
interval
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Table 4.19. Statistics for 228Pu concentration

Oyears
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Mean 2s 2% Mean 2s 23% Mean 2s 2%
2 2.40ED9 | 9.02E10 | 37.60 3.07ED9 | 9.26F10 30.15 3.84E09 | 1.03ED9 26.91
4 1.28E08 | 1.48ED9 | 11.55 1.65E08 | 1.83ED9 11.03 2.08ED8 | 2.87ED9 13.80
6 3.40ED8 | 3.12ED9 | 9.17 44008 | 4.14ED9 9.43 5.55ED8 | 6.91ED9 12.46
8 6.76E08 | 5.93E09 | 8.77 8.76ED8 | 8.04ED9 9.19 1.11E07 1.34E08 12.08
10 1.15ED7 1.02ED8 | 8.84 1.49ED7 1.39ED8 9.29 1.89ED7 2.26E08 12.00
12 1.79ED7 1.62ED8 | 9.02 2.31E07 2.20ED8 9.52 2.92E07 3.52E08 12.04
14 2.62E07 | 2.42ED8 | 9.25 3.37E07 3.27E08 9.72 4.23E07 5.14E08 12.14
16 3.65E07 | 3.45E08 | 9.45 4.68E07 | 4.64ED8 9.92 5.86ED7 7.17ED8 12.24
18 4.92E07 | 4.75ED8 | 9.67 6.27ED7 6.33E08 10.09 7.82ED7 9.64ED8 12.33
20 6.44E07 | 6.36ED8 | 9.88 8.17ED7 8.43E08 10.32 1.01E06 1.26ED7 12.42
Table 4.19. Statistics foP*¥u concentration ontinued)
5years
Burnup | 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Mean 2s 2% Mean 2s 25% Mean 2s 25%
2 2.53ED9 | 8.75E10 | 34.63 3.24E09 | 9.02EL0 27.88 4.04E09 | 1.02ED9 25.25
4 1.30E08 | 1.47E09 | 11.30 1.68E08 | 1.83ED9 10.87 2.11E08 | 2.89ED9 13.65
6 3.43E08 | 3.12ED9 9.11 4.44E08 | 4.15ED9 9.36 5.60ED8 6.91ED9 12.33
8 6.85E08 | 5.98E09 | 8.73 8.87ED8 8.09ED9 9.12 1.12ED7 1.34E08 11.92
10 1.18ED7 1.03E08 | 8.79 1.52E07 1.40ED8 9.20 1.92ED7 2.27ED8 11.80
12 1.84ED7 1.65E08 | 8.97 2.37ED7 2.26ED8 9.54 2.99E07 3.54E08 11.83
14 2.72E07 | 2.49ED8 | 9.18 3.48E07 3.37ED8 9.68 4.37ED7 5.20ED8 11.90
16 3.82ED7 | 3.58E08 | 9.38 4.87ED7 | 4.80ED8 9.87 6.08ED7 | 7.28ED8 11.97
18 5.17ED7 | 4.94E08 | 9.56 6.56ED7 | 6.57ED8 10.01 8.15ED7 | 9.83ED8 12.05
20 6.80ED7 | 6.64ED8 | 9.76 8.59ED7 8.74ED8 10.17 1.06ED6 1.29E07 12.12

Note: SC20 and SCiesults are not included

4.6.7. 2%Pu

The ?*Pu concentrations at discharge and afige-year decay are compared in
Figures4.55 and 4.56Concentrations in the range of28 GWd/MTU interval are plotted

in Figures 4.57 and 4.58 0% and 70% void fractions, respectively. KENOREST results
predict higher concentrations than other code results in general. As void fraction increases,
more KENOREST results move outside the band. The lowest concentrations are
predicted by VESTA results at 0% and 40% void fractions. Statistics?*fBu
concentrations at discharge and aftez-year decay are provided Trable 4.20
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At 70% voidfraction SC2predicts the lowest®Pu concentrations. The KENOREST and
SC2 results increase the standard deviation by more than 50%. Statibiéce
KENOREST and SC2 results are remoaeeprovided inTable 4.21 Standard deviation
increases with burnup and voiagétion. Standard deviation at 70% void fraction is twice
as large as 0% void fraction values. Overall relatsésdn the range of-3%.

Figure 4.55. 2%Pu concentration at 40% void
fraction at discharge
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Figure 4.57. 2%u concentration at 0% void
fraction in 1520 GWd/MTU burnup
interval
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Figure 4.58. 22%Pu concentration at 70% void
fraction in 17-20 GWd/MTU burnup
interval
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Figure 4.56. 2%Pu concentration at 40% void
fraction after five-year decay
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Table 4.20. Statistics for 22%u concentration

O-years

Burnup 0% voidraction 40% voittaction 70% voittaction

GWd/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 5%
2 1.94E05 | 6.80ED7 | 3.51 2.20ED5 | 8.64ED7 3.93 2.47ED5 | 1.26ED6 5.10
4 3.56ED5 | 1.29ED6 | 3.62 4.04ED5 | 1.64ED6 4.07 4.55ED5 | 2.40ED6 5.27
6 4.84ED5 | 1.82ED6 | 3.77 5.51ED5 | 2.34ED6 4.24 6.23E05 | 3.42ED6 5.49
8 5.85ED5 2.31E06 3.94 6.68ED5 2.96E06 4.44 7.59ED5 4.35E06 5.73
10 6.66ED5 2.75E06 4.13 7.63ED5 3.55E06 4.65 8.71ED5 5.20ED6 5.97
12 7.31ED5 3.13E06 4.29 8.41ED5 4.06ED6 4.83 9.65ED5 5.96ED6 6.18
14 7.84ED5 3.48E06 4.43 9.05ED5 4.51E06 4.99 1.04ED04 6.62ED6 6.34
16 8.27ED5 3.77ED6 4.56 9.59ED5 4.92ED6 5.13 1.11E04 7.26ED6 6.53
18 8.62ED5 4.02ED6 4.66 1.00ED4 5.26E06 5.24 1.17ED04 7.86ED6 6.72
20 8.89ED5 4.24ED6 4.77 1.04ED4 5.62ED6 5.40 1.22E04 8.40ED6 6.89
5years

Burnup 0% voidraction 40% voittaction 70% voittaction

GWd/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 25%
2 2.03E05 | 7.20E07 | 3.54 2.31ED5 | 9.19ED7 3.98 2.60ED5 | 1.34ED6 5.15
4 3.65ED5 | 1.33ED6 | 3.66 415805 | 1.70ED6 411 4.67ED5 | 2.48ED6 5.32
6 49305 | 1.88ED6 | 3.81 5.61ED5 | 2.40ED6 4.28 6.35ED5 | 3.51ED6 5.53
8 5.94ED5 | 2.37ED6 | 3.99 6.79ED5 | 3.04ED6 4.48 7.71ED5 | 4.45ED6 5.77
10 6.75ED5 | 2.82ED6 | 4.19 7.74ED5 | 3.63ED6 4.70 8.84ED5 | 5.31ED6 6.01
12 7.40ED5 | 3.22ED6 | 4.36 8.51ED5 | 4.16ED6 4.88 9.77ED5 | 6.05ED6 6.19
14 7.93ED5 3.55E06 4.48 9.16ED5 4.60ED6 5.02 1.06ED4 6.77ED6 6.41
16 8.37ED5 3.85E06 4.60 9.71ED5 5.05E06 5.20 1.13E04 7.37ED6 6.55
18 8.72ED5 4.10ED6 4.70 1.02ED4 5.34E06 5.25 1.18ED4 7.93ED6 6.70
20 8.99ED5 | 4.32ED6 | 4.81 1.05E04 | 5.71ED6 5.42 1.23E04 | 8.50ED6 6.89

Note:1SC20results are not includedSC20 and SCilesults are not included
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Table 4.21. Statistics for 2%Pu concentration (KENOREST and SC2 removed)

Oyears

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 2% Mean 2s 2% Mean 2s 23%
2 1.9305 | 5.75E07 | 2.98 2.19ED5 | 6.24ED7 2.85 2.46ED5 | 7.57ED7 3.07
4 3.54ED5 | 1.09ED6 | 3.08 4.02ED5 | 1.19ED6 2.95 4.53E05 1.41ED6 3.12
6 4.82ED5 | 1.56ED6 | 3.24 5.49ED5 | 1.70ED6 3.09 6.19ED5 1.99ED6 3.21
8 5.83E05 2.01E06 3.44 6.66ED5 2.17ED6 3.26 7.55ED5 2.53E06 3.35
10 6.64ED5 2.42ED6 3.65 7.60ED5 2.63E06 3.47 8.66E05 3.04ED6 3.51
12 7.28ED5 2.78ED6 3.82 8.37ED5 3.05E06 3.64 9.59E05 3.50ED6 3.65
14 7.81ED5 3.10ED6 3.97 9.01ED5 3.41ED06 3.78 1.04ED4 3.90ED6 3.76
16 8.24ED5 3.37ED6 4.09 9.55E05 3.72ED6 3.90 1.11E04 4.37ED6 3.95
18 8.59ED5 3.59ED6 4.18 1.00ED4 3.98ED6 3.98 1.16ED4 4.75ED6 4.08
20 8.86ED5 3.78ED6 4.26 1.04ED4 4.23ED6 4.08 1.21E04 5.03E06 4.15

Note: KENOREST and SCgsults are not included

4.6.8. 2Pu

General trend in concentrations of*°Pu at discharge and aftéive-year decay are
compared irFigures 4.59 and 4.60ue to large bias in ALfive-year decay results at 40%
and 70% void fractions, AL1 results were eliminated from comparison. Concentrations in
the range of 120 GWd/MTU interval are plotted iRigures 4.61 and 4.6& 0% and 70%

void fractions, respectively. The highest concentratiare predicted by KENOREST,
SC14(ENDF/B-VII.0 CE) and SCALE codes using ENDFMBlibraries (SC4, SC5)The
lowest concentrations are predicted by CA1, AL1 and HELIOS codes. SC14 results are
outside the & band at all void fractions. Statistics féfPuconcentrations are provided in
Table 4.22 Standard deviation increases with burnup and void fraction. In general, relative
standard deviation stays in theés% range A small increase in the standard deviation is
observed aftefive-year decay.
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Figure 4.59. 2Pu concentration at 40% void
fraction at discharge
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Figure 4.61. *%Pu concentration at 0% void
fraction in 16-20 GWd/MTU burnup
interval
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Figure 4.60. 2*Pu concentration at 40% void
fraction after five-year decay
(AL1 results removed)
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Figure 4.62. 2%Pu concentration at 70% void
fraction in 16-20 GWd/MTU burnup
interval
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Table 4.22. Statistics for 2*%Pu concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 23%
2 7.45ED7 | 42008 | 5.64 8.44ED7 | 5.33ED8 6.32 | 9.37ED7 | 7.18ED8 7.66
4 2.59ED6 1.32E07 | 5.08 2.88ED6 | 1.62ED7 5.61 | 3.14ED6 | 2.12ED7 6.77
6 5.07E06 | 2.51ED7 | 4.96 5.55E06 | 3.00ED7 5.40 | 5.98ED6 | 3.82ED7 6.39
8 7.89ED6 3.82ED7 4.84 8.57ED6 447807 5.22 9.18ED6 5.56E07 6.06
10 1.09ED5 5.18ED7 4.74 1.18E05 5.9387 5.03 1.26ED5 7.22E07 5.73
12 1.41E05 6.51ED7 4.62 1.51E05 7.32E07 4.84 1.61ED5 8.70BD7 5.40
14 1.73E05 7.78ED7 4.49 1.86ED5 8.57E7 4.62 1.97ED5 9.96E07 5.05
16 2.06ED5 8.97ED7 4.35 2.20ED5 9.68ED7 4.40 2.33E05 1.11ED6 4.74
18 2.39ED5 1.01ED06 421 2.55ED5 1.07ED6 4.20 2.70ED5 1.20ED6 4.46
20 2.72ED5 1.11E06 4.08 2.89ED5 1.17ED6 4.03 3.06ED5 1.29ED6 421
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2 5% Mean 2s 23% Mean 2s 2%
2 7.45ED7 4.26E08 5.72 8.44ED7 5.41E08 6.41 9.37E07 7.26ED8 7.74
4 2.59ED6 133807 |5.14 2.88ED6 | 1.64ED7 5.68 | 3.14ED6 | 2.15ED7 6.84
6 5.06ED6 | 2.54ED7 | 5.01 5.55E06 | 3.04ED7 5.47 | 5.98ED6 | 3.87ED7 6.46
8 7.89E06 | 3.87ED7 | 4.91 8.57ED6 | 4.53ED7 529 | 9.18ED6 | 5.63ED7 6.13
10 1.09ED05 | 5.24F07 | 4.80 1.18ED5 | 6.04ED7 512 | 1.26ED5 | 7.29ED7 5.79
12 1.41ED5 6.59ED7 4.68 1.51ED5 7.89ED7 5.22 1.61ED5 8.80ED7 5.46
14 1.73E05 7.86ED7 4.54 1.85E05 9.13E07 4.93 1.97ED5 1.01ED6 511
16 2.06ED5 9.06ED7 4.40 2.20ED5 1.02ED6 4.66 2.33E05 1.12ED6 4.80
18 2.39ED5 1.02ED06 4.26 2.54E05 1.12ED6 4.42 2.70ED5 1.22ED6 4.52
20 2.72ED5 1.12E06 | 4.13 2.89ED5 | 1.18ED6 4.09 | 3.06ED5 1.31E06 4.28

Note:1SC20results are not includedSC20 and SCilesults are not included

4.6.9. >'Pu

General trend in concentrations of*Pu at discharge and aftéive-year decay are
compared inFigures 4.63 and 4.64Concentrations in the range of-26 GWd/MTU
interval are plotted ifrigures 4.65 and 4.6& 0% and 70% void fractions, respectively.

All KENOREST, SC2 and HE2 results are separated with large biases from the rest of code
results. While KENOREST codesaglict the highest concentrations, SC2 and HE2 predict
the lowest concentrations. All KENOREST results are altbee?s band at all void
fractions.

Statistics fo”*Pu concentrations are providedTiable 4.23 Standard deviation increases

with void fradion and burnup. Relative standard deviation is ardbad-9% range at all

void fractions. KENOREST, SC2 and HEZ2 results increase standard deviation in the results
by a factor ofthree to five Statistics excluding KENOREST, SC2 and HEZ2 results are also
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provided inTable 2.24 Relative standard deviation is reduced to 3% around peak reactivity
and 2% at the end of depletion.

Figure 4.63. 2*Pu concentration at 40% void Figure 4.64. *'Pu concentration at 40% void
fraction at discharge fraction after five-year decay
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Figure 4.65. 24'Pu concentration at 0% void Figure 4.66. 24'Pu concentration at 70% void
fraction in 16-20 GWd/MTU burnup fraction in 16-20 GWd/MTU burnup
interval interval
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Table 4.23. Statistics for 2¥Pu concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 2% Mean 2s 25% Mean 2s 23%
2 6.47ED8 5.00ED9 7.73 8.57ED8 7.27ED9 8.48 1.09ED7 1.05ED8 9.63
4 4.30ED7 2.36ED8 5.48 5.54ED7 3.26ED8 5.89 6.88ED7 4.78E08 6.95
6 1.17ED6 4.98E08 4.27 1.47ED6 6.97ED8 4.73 1.79ED6 1.09ED7 6.09
8 2.22ED6 8.06ED8 3.64 2.76ED6 1.19ED7 4.32 3.30ED6 2.00ED7 6.05
10 3.50ED6 1.23ED7 3.52 4.30ED6 1.93ED7 4.48 5.10ED6 3.31E07 6.48
12 4.96ED6 1.88ED7 3.78 6.03ED6 2.97ED7 4.92 7.09ED6 5.02E07 7.09
14 6.55E06 2.70ED7 412 7.89ED6 4.24E07 5.38 9.21ED6 7.05ED7 7.66
16 8.22ED6 3.66E07 4.45 9.84ED6 5.71ED07 5.81 1.14E05 9.30ED7 8.15
18 9.93ED6 4.74E07 4.77 1.18ED5 7.30ED7 6.18 1.37ED5 1.16ED6 8.53
20 1.16ED5 5.88ED7 5.05 1.38ED5 8.98ED7 6.50 1.59E05 1.41ED6 8.87

Table 4.23. Statistics foP*Pu concentration(continued)

5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 25%
2 5.08ED8 3.95E09 7.77 6.73E08 5.75E09 8.55 8.58ED8 8.35E09 9.73
4 3.38E07 1.83E08 5.43 4.35E07 2.59E08 5.95 5.40ED7 3.78ED8 7.00
6 9.16ED7 3.84E08 4.19 1.16ED6 5.44E08 4.71 1.41E06 8.58ED8 6.10
8 1.74ED6 6.23ED8 3.58 2.16ED6 9.54E08 441 2.59ED6 1.60ED7 6.15
10 2.75ED6 9.68ED8 3.52 3.38ED6 1.53E07 4.54 4.00ED6 2.64E07 6.59
12 3.89ED6 1.49E07 3.81 4.73E06 2.59E07 5.49 5.56ED6 4.01ED7 7.21
14 5.14ED6 2.15E07 4.18 6.19ED6 3.60ED7 5.82 7.23ED6 5.63E07 7.79
16 6.46ED6 2.93ED7 4.54 7.72ED6 4.76ED7 6.17 8.96ED6 7.41807 8.27
18 7.80ED6 3.79ED7 4.87 9.27ED6 6.01ED7 6.48 1.07ED5 9.31E7 8.68
20 9.14ED6 4. 71807 5.16 1.08ED5 7.18ED7 6.63 1.25ED05 1.13ED6 9.01

Note:1SC20results are not includedSC20 and SCiiesults are not included
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Table 4.24. Statistics for 2*Pu concentration (KENOREST, SC2, HE2 results removed)

O-years

Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Mean 2s 25% | Mean 2s 25% | Mean 2s 23%
2 6.51E08 | 4.67E09 | 7.17 | 8.63ED8 | 6.63ED9 | 7.68 | 1.10ED7 | 9.41ED9 | 8.54
4 4.32ED7 | 2.20ED8 | 5.10 | 5.56ED7 | 2.91ED8 | 5.23 | 6.90ED7 | 3.96ED8 | 5.74
6 1.17ED06 | 4.67ED8 | 3.99 | 1.48ED6 | 5.89ED8 | 3.99 | 1.79ED6 | 7.85ED8 | 4.38
8 2.22ED6 | 7.37E08 | 3.32 | 2.76E06 | 8.88ED8 | 3.22 | 3.30ED6 | 1.16ED7 | 3.52
10 3.50ED06 | 1.02E07 | 2.93 | 4.29E06 | 1.19ED7 | 2.78 | 5.09ED6 | 1.52ED7 | 2.99
12 4.95E06 | 1.37ED7 | 2.77 | 6.01E06 | 1.51E07 | 2.51 | 7.06ED6 | 1.86E07 | 2.64
14 6.53E06 | 1.75E07 | 2.68 | 7.86E06 | 1.86ED7 | 2.36 | 9.16ED6 | 2.28ED7 | 2.48
16 8.19ED6 | 2.16ED7 | 2.63 | 9.79ED6 | 2.25E07 | 2.30 | 1.13ED5 | 2.74ED07 | 2.42
18 9.89ED6 | 2.61ED7 | 2.64 | 1.18ED5 | 2.71E07 | 2.31 | 1.36ED5 | 3.18ED7 | 2.34
20 1.16E05 | 3.08ED7 | 2.66 | 1.37ED5 | 3.21ED7 | 2.34 | 1.58ED5 | 3.72ED7 | 2.36

Note:SC20, KENOREST, SC2 and HE2sults are not included

4.6.10. **Pu

General trensl in concentrations of*Pu at discharge and aftéive-year decay are
compared inFigures 4.67 and 4.68\L1 five-year decay results at 40% have erroneous
data at 8 GWd/MTU and are therefore not included in comparisons at 8 GWd/MTU.
Concentrations in the range of-28 GWd/MTU interval are plotted iRigures 4.69 and
4.70at 0% and 70%oid fractions, respectively. The highest concentrations are observed
in KE1 and KES3 results at all void fractions. KE3 results are placed outside trend at

70% void fraction. HE1 and HE2 codes predia lowest concentrations. H1 and HE2
results ado lay outside the2band at all void fractions.

Statistics for*?Pu concentrations are providedTiable 4.25 Standard deviation increases
with void fraction and burnup. Relative standard deviation is arour?¥%) and shows
negligible increase witfive-year decay.
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Figure 4.67. 22Pu concentration at 40% void Figure 4.68. 22Pu concentration at 40% void
fraction at discharge fraction after five-year decay
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Figure 4.69. 22Pu concentration at 0% void Figure 4.70. %Py concentration at 70% void
fraction in 18-20 GWd/MTU burnup fraction in 18-20 GWd/MTU burnup
interval interval
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Table 4.25. Statistics for 2%Pu concentration

O-yeard
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU| Mean 2s 2% Mean 2s 23% Mean 2s 23%
2 9.51F10 | 9.06E10 | 95.31 1.22ED9 | 9.10E10 74.48 1.51E09 | 9.17E10 60.59
4 1.23E08 | 1.73E09 | 14.11 1.56ED8 | 2.12ED9 13.61 1.89ED8 | 2.62ED9 13.85
6 5.20ED8 | 5.38ED9 | 10.36 6.42ED8 | 6.88ED9 10.71 7.60ED8 | 8.69ED9 11.44
8 1.37E07 1.28ED8 9.34 1.66ED7 1.61ED8 9.70 1.92E07 | 2.01ED8 10.47
10 2.81ED7 2.45E08 | 8.70 3.35E07 3.04E08 9.10 3.81E07 | 3.81ED8 10.02
12 4.96E07 | 4.15ED8 | 8.38 5.80E07 5.11E08 8.81 6.49E07 | 6.34ED8 9.76
14 7.91E07 6.44E08 | 8.15 9.10ED7 7.85ED8 8.63 1.00ED6 | 9.67ED8 9.63
16 1.17ED6 9.33E08 7.94 1.33ED6 1.13ED7 8.47 1.45ED6 1.38ED7 9.52
18 1.65ED6 1.30ED7 7.89 1.85ED6 1.55ED07 8.38 1.98ED6 1.88ED7 9.49
20 2.23ED6 1.74E07 7.79 2.46ED6 2.04E07 8.31 2.61ED06 | 2.46ED7 9.42
Table 4.25. Statistics foP42Pu concentration(continued)
5year$
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU| Mean 2s 3% Mean 2s 2% Mean 2s 25%
2 9.53E10 | 9.19F10 | 96.40 1.22E09 9.23E10 75.37 1.52E09 | 9.30ELO0 61.32
4 1.23E08 1.75ED9 14.26 1.56E08 2.15ED09 13.79 1.89ED8 | 2.65ED9 14.02
6 5.20ED8 5.44ED09 10.46 6.43E08 6.98ED9 10.86 7.60ED8 | 8.80ED9 11.58
8 1.37ED7 | 1.29ED8 | 9.44 1.66ED7 | 1.63ED8 9.83 1.92E07 | 2.04ED8 10.61
10 2.81E07 | 2.47ED8 | 8.78 3.35E07 | 3.09ED8 9.23 3.81ED7 | 3.87ED8 10.15
12 496ED7 | 4.19ED8 | 8.46 5.79ED7 | 5.49ED8 9.48 6.50ED7 | 6.42ED8 9.89
14 7.91E07 | 6.51E08 | 8.23 9.09ED7 | 8.34ED8 9.18 1.00ED6 | 9.80ED8 9.76
16 1.17ED6 | 9.43ED8 | 8.03 1.33E06 | 1.19ED7 8.93 1.45E06 | 1.40ED7 9.64
18 1.65E06 | 1.32ED7 | 7.98 1.85E06 | 1.62ED7 8.77 1.98E06 | 1.91ED7 9.61
20 2.23ED6 1.76ED7 | 7.88 2.46ED6 2.07E07 8.42 2.61ED6 | 2.49ED7 9.54

Note:1SC20results are not includedSC20 and SCiesults are ndhcluded
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4.6.11. >'Am

General trenslin concentrations of*Am at discharge and aftdive-year decay are
compared inFigures 4.71 and 4.7ZConcentrations in the range of-28 GWd/MTU
interval are plottedn Figures 4.73 and 4.7dt 0% and 70% void fractions, respectively.
While all KENOREST codes predict the highest concentrations, VE2(JEFF3.2),
VE1(JEFF3.1.1) and AL1(JEFF3.3) predict the lowest concentratidfi\ai. After five-

year decay, the highest concentrations are $ileoved in KENOREST resujtandthe
lowest concentrations are predicted by HE2 and SC2 results.

KENOREST, HE2 and SC2 results increase standard deviation significarfithg-year
decay results. Statistics f6t/Am concentrations are provided irable 4.26 Standard
deviation increases with burnup and void fraction. Standard deviation at 70% void fraction

is twice as large as standard deviation at 0% void fraction.

If KENOREST, HE2 and SC2 results are remqwaedndard deviation ifive-year decay
results Table 4.27 decreaseby 50% at 70% void fraction around peak reactivity. The
relative standard deviation is below 3% after peak reactivity at all void fractions.

Figure 4.71. 2*Am concentration at40% void
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Figure 4.72. 2*Am concentration at 40% void
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Table 4.26. Statistics for 2*’Am concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 25% Mean 2s 23% Mean 2s 23%
2 1.70E10 | 1.72F11 | 10.16 2.25F10 | 2.34F11 | 10.39 2.89F10 | 3.26E11 | 11.29
4 2.32ED9 | 1.42E10 | 6.14 3.01ED9 | 2.00EL0 | 6.66 3.76ED9 | 2.87E10 | 7.62
6 9.64ED9 | 4.58E10 | 4.75 1.23E08 | 6.22F10 | 5.06 1.51E08 | 9.34E10 | 6.20
8 2.49ED8 | 1.01ED9 | 4.04 3.12E08 | 1.39ED9 4.46 3.77ED8 | 2.18E09 5.76
10 4.96ED08 | 1.93E09 | 3.90 6.15ED8 | 2.72ED9 4.42 7.36ED8 | 4.39E09 5.97
12 8.43ED8 | 3.50ED9 | 4.15 1.04E07 | 4.96ED9 4.78 1.23E07 | 8.03ED9 6.53
14 1.29E07 | 6.07ED9 | 4.70 1.57E07 | 8.56ED9 5.44 1.85E07 | 1.34ED8 7.24
16 1.83E07 | 9.85ED9 | 5.38 2.22E07 | 1.37E08 6.17 2.60ED7 | 2.08ED8 8.00
18 24507 | 1.50ED8 | 6.09 2.96ED7 | 2.04ED08 6.91 3.46ED7 | 3.03ED8 8.77
20 3.14ED07 | 2.15ED8 | 6.85 3.77ED7 | 2.90ED8 7.68 4.40ED7 | 4.19ED8 9.52
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 3% Mean 2s 2% Mean 2s 23%
2 1.40E08 | 1.12E09 | 7.97 1.86E08 | 1.63E09 | 8.77 2.37ED8 | 2.35ED9 | 9.93
4 9.44ED8 | 5.32ED9 | 5.63 1.22E07 | 7.41ED9 6.09 1.51E07 | 1.08ED8 7.14
6 2.59ED7 | 1.11ED8 | 4.28 3.28ED7 | 1.60ED8 | 4.88 3.99ED7 | 2.47ED8 | 6.19
8 5.00ED7 | 1.80ED8 | 3.61 6.21ED7 | 2.67ED08 | 4.30 7.45ED7 | 4.53ED8 | 6.08
10 7.99ED7 | 2.75ED8 | 3.44 9.82ED7 | 4.36ED8 | 4.44 1.17ED06 | 7.49ED08 | 6.43
12 1.15E06 | 4.17ED8 | 3.64 1.39ED06 | 7.46ED8 | 5.36 1.64E06 | 1.15ED07 | 6.99
14 1.53E06 | 6.07ED8 | 3.97 1.84E06 | 1.04ED7 5.63 2.16ED6 | 1.63E07 7.55
16 1.94E06 | 8.37ED8 | 4.31 2.32ED6 | 1.39ED7 5.98 2.70ED6 | 2.17E07 8.02
18 237806 | 1.10ED7 | 4.66 2.82E06 | 1.77ED7 6.28 3.27ED6 | 2.76E07 8.44
20 2.80ED6 | 1.39ED7 | 4.97 3.33E06 | 2.13E07 | 6.41 3.84ED6 | 3.38ED7 | 8.80

Note:1SC20results are not includedSC20 and SCilesults are not included
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Table 4.27. Statistics for 2*Am concentration (KENOREST, HE2, SC2 results removed)

5years

Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Mean 2s 25% Mean 2s 2% | Mean 2s 23%
2 1.41E08 | 1.04ED9 | 7.34 1.87ED08 | 1.48ED9 | 7.91 | 2.39ED8 | 2.10ED9 | 8.80
4 9.48ED8 | 4.91ED9 | 5.17 1.22ED7 | 6.58ED9 | 5.39 | 1.52ED7 | 8.99ED9 | 5.93
6 2.60ED7 | 1.02ED8 | 3.93 | 3.28ED7 | 1.37ED8 | 4.16 | 3.99ED7 | 1.81FD8 | 4.53
8 5.00E07 | 1.64E08 | 3.28 6.21E07 | 2.01ED8 | 3.24 7.45E07 | 2.73ED8 | 3.66
10 7.99ED7 | 2.33ED8 | 2.91 9.81ED7 | 2.81ED8 | 2.87 1.16E06 | 3.62E08 | 3.11
12 1.14E06 | 3.13ED08 | 2.74 1.39ED6 | 4.97ED8 | 3.58 1.63ED6 | 4.48E08 | 2.74
14 1.53ED6 | 4.09ED08 | 2.68 1.84ED6 | 5.93E08 | 3.23 2.15E06 | 5.60ED8 | 2.61
16 1.94ED6 | 5.20ED8 | 2.68 2.31ED6 | 7.09ED8 | 3.07 2.69ED6 | 6.78ED8 | 2.52
18 2.36ED6 | 6.49ED8 | 2.75 2.81ED6 | 8.37ED8 | 2.98 3.25E06 | 8.25ED8 | 2.54
20 2.79ED6 | 7.93ED8 | 2.84 3.31ED6 | 8.43ED8 | 2.55 3.81ED6 | 9.91ED8 | 2.60

Note:SC20, SC1, SC2, HE2 and KENOREfEults are not included
4.7.Fissionproduct distribution in UO 2 rods

Average fission product concentrations are compareajures 4.75 to 4.11Results from
three participants include repeatationeous or missing data at certain bumalpiesand
void fractions. Erroneous data were identified basetth@sudden increase or reduction in
smoothly varying data and more thanltas with respect to other code resulise ®urces

of the errors wee tracked to misplaced or intermittently overwritten datdikely errors
in material compositions.

The following data points were ignoredthre comparison of concentrations:
SC1:five-year decay fonuclidesat 16, 18, 20 GWd/MTU at 40% void fraatio

SC1:five-year decay for alhuclides2, 4, 6, 8, 10, 12, 14, 16, 18 at 0% and 70%
void fractions

1 SC1:'Rh and*Xe at 70% void fraction (two series seem to be exchanged)
! SC1: missing*’Sm,*?Sm,**Ey;
1 SC1: 20% higher concentrations®fc at 0% void fractions

Figures 4.75 to 4.116ompare fission product concentrations. Only 40% void fraction
results are plotted, unless a significant trend with void fraction was observed. Statistics for
all fission products are listed in Tables 4.28 to 4.39

4.7.1. 99Tc

%Tc concentration increasdinearly with burnup at all void fractiongFigures 4.75 to
4.78). Relative variation in the results is around 2.5% across all burnups and void fractions.
SC1 and SW1 predict the highest concentratiams] HELIOS and SERPENT codes
predictthelowest concentrationg-{gures 4.77 and 4.78As void fraction increases, biases

in SC1 and SWL1 results with respect to other codes also incfégaes(4.78. Statistics

for °Tc concentrations are providedTable4.28
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Figure 4.75. °°Tc concentration at 40% void
fraction at discharge
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Figure 4.77. °Tc concentration at 0% void
fraction in 17.520 GWd/MTU interval
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Figure 4.76. °°Tc concentration at 40% void
fraction after five-year decay
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Figure 4.78. %°Tc concentration at 70% void
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Table 4.28. Statistics for °°Tc concentration

Oyears

Burnup 0% voidraction 40% voidraction 70% voidractior?

GWd/MTU| Mean 2 2% Mean 2 25% Mean 2 2%
2 3.10ED6 7.91ED8 2.55 | 3.08ED6 7.95E08 2.58 | 3.06ED6 7.85ED8 2.57
4 6.30ED6 1.61E07 2.55 | 6.26ED6 1.60ED7 256 | 6.21ED6 1.58E07 2.54
6 9.43ED6 2.40ED7 2.54 | 9.36ED6 2.38ED7 2.54 | 9.30ED6 2.34E07 2.52
8 1.25E05 3.13807 251 1.24E05 3.14E07 2.53 1.23E05 3.07E07 2.49
10 1.55E05 3.90B07 2.52 1.54E05 3.87ED7 2.52 1.53ED5 3.77807 2.47
12 1.84ED5 4.43807 2.40 1.83E05 4.33807 2.36 1.82ED5 4.23807 2.33
14 2.14E05 5.18E07 2.43 2.12E05 5.01ED7 2.36 2.11E05 481807 2.28
16 2.43ED5 6.00ED7 2.47 2.41E05 5.83ED7 2.42 2.39ED5 5.46E07 2.28
18 2.71ED5 6.81ED7 251 2.69ED5 6.56ED7 2.44 2.67ED5 6.23ED7 2.33
20 2.99ED5 7.69ED7 2.57 2.97ED5 7.42E07 2.50 2.95E05 7.01ED7 2.38
5yearg

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 23% Mean 2s 2% Mean 2s 2%
2 3.06ED6 7.85ED8 2.57 | 3.25ED06 7.87ED8 242 | 3.23E06 7.76ED8 2.40
4 6.21ED6 1.58E07 2.54 | 6.42ED6 1.54E07 2.39 | 6.38ED6 1.51E07 2.36
6 9.30ED6 2.34E07 2.52 9.52ED6 2.25E07 2.36 9.45E06 2.21E07 2.33
8 1.23E05 3.07E07 2.49 1.25E05 2.98ED7 2.38 1.25ED05 2.86ED7 2.29
10 1.53E05 3.77ED7 2.47 1.55E05 3.57ED7 2.30 1.54ED5 3.49E07 2.26
12 1.82ED5 4.23E07 2.33 1.84ED5 4.28E07 2.32 1.83ED5 3.92E07 2.14
14 2.11E05 4.81E07 2.28 2.13ED5 4.95E07 2.32 2.12E05 4.49ED7 2.12
16 2.39ED5 5.46ED7 2.28 2.42ED5 5.67ED7 2.34 2.40ED5 5.24E07 2.18
18 2.67ED5 6.23E07 2.33 | 2.70ED5 6.54E07 242 | 2.68ED5 6.05E07 2.25
20 2.95E05 7.01E07 2.38 | 2.98ED5 7.22ED7 242 | 2.96ED5 6.85ED7 231

Note:1SC20results are not includedSC20 and SCiiesults are not included

4.7.2. 1°Rh

Similarly to °*Tc, 1%Rh concentrations increase linearly with lattice burriigure 4.8

and 4.80. As '®Rh concentration increases with increasing void fraction and decay time,
thetrend with burnup does not change. Detailed comparisofSRif concentrations are
shown inFigure 4.81 and 4.82t 0% and 70% void fractions. CA1 results have the lowest
concentations and are located below thel#and. The lowest concentrations are predicted
by SC15, KE1 and KE3n general.

Statistics for'®Rh concentrations are providedTiable 4.29 Relative standard deviation
is around 2% and shows small variations witinup and void fraction.
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Figure 4.79. 1°Rh concentration at 40% void Figure 4.80. *°Rh concentration at 40% void
fraction at discharge fraction after five-year decay
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Figure 4.81. *°Rh concentration at 0% void Figure 4.82. *°Rh concentration at 70% void
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Table 4.29. Statistics for 1%Rh concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidractior?

GWd/MTU| Mean 2s 25% Mean 2s 2% Mean 2s 23%
2 7.98ED7 | 1.22ED8 | 1.53 8.01ED7 | 1.19ED8 1.48 8.05ED7 | 1.19ED8 1.48
4 2.30ED6 | 3.70ED8 | 1.61 2.31ED6 | 3.65ED8 1.58 2.32ED6 | 3.73ED8 1.61
6 3.96ED6 | 6.68ED8 | 1.68 3.99ED6 | 6.66ED8 1.67 4.01ED6 | 6.78ED8 1.69
8 5.65E06 9.90ED8 1.75 5.69E06 9.89ED8 1.74 5.73E06 1.03E07 1.79
10 7.32E06 1.32E07 1.80 7.38ED6 1.34E07 1.81 7.43E06 1.40E07 1.89
12 8.96ED6 1.68E07 1.87 9.04E06 1.70ED7 1.88 9.10ED6 1.80ED7 1.98
14 1.06ED5 2.05ED7 1.94 1.07ED5 2.08ED7 1.95 1.07ED5 2.20ED7 2.05
16 1.22ED5 2.37ED7 1.95 1.23E05 2.44807 1.99 1.23ED05 2.60ED7 2.11
18 1.37ED5 2.75ED7 2.01 1.38ED5 2.85ED7 2.06 1.39ED5 3.06ED7 2.20
20 1.52ED5 3.10ED7 2.04 1.54ED5 3.24807 211 1.55ED05 3.50ED7 2.27
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 5% Mean 2s 2% Mean 2s 3%
2 1.75E06 | 2.75ED8 | 1.58 1.86E08 | 1.63ED9 8.77 1.77E06 | 2.63E08 1.49
4 3.52ED6 | 5.69ED8 | 1.62 1.22E07 | 7.41E09 6.09 3.57ED6 | 5.66ED8 1.58
6 5.28ED6 | 8.78ED8 | 1.66 3.28ED7 | 1.60ED8 4.88 5.37ED6 | 9.02ED8 1.68
8 7.01E06 | 1.22ED7 | 1.73 6.21ED7 | 2.67ED8 4.30 7.156D6 | 1.26ED7 1.77
10 8.71ED6 | 1.56ED7 | 1.79 9.82ED7 | 4.36ED8 4.44 8.89ED6 | 1.65ED7 1.86
12 1.04E05 | 1.96ED7 | 1.88 1.39ED06 | 7.46ED8 5.36 1.06E05 | 2.10ED7 1.98
14 1.20ED5 2.24E07 1.86 1.84ED6 1.04ED07 5.63 1.23E05 2.48E07 2.02
16 1.36ED5 2.69ED7 1.97 2.32E06 1.39ED7 5.98 1.39ED5 2.90ED7 2.09
18 1.52ED5 2.99ED7 1.97 2.82E06 1.77E07 6.28 1.55E05 3.31E07 2.13
20 1.68E05 | 3.36ED7 | 2.00 3.33E06 | 2.13ED7 6.41 1.71E05 | 3.78E07 2.21

Note:1SC20results are not include#5C20 and SCilesults are not included

4.7.3. 13Xe

The general trend in concentrations'dtXe with lattice burnup is shown Figure 4.83A
detailed plot for the 20 GWd/MTU burnup interval is also providedrigure 4.84 AP1
results are outside thes dand with a bias compared to other code results. SCALE codes
with ENDF/B-VI and ENDF/BVII libraries predict the highest coantrations while
HELIOS codes predict the lowest concentratidfiXe concentration increases with decay
and decreases with void fractiomowever,the trend with burnup stays the same. SC1
(ENDF/B-VII.0) exhibits an increasing bias with the rest of tee results at 70% void
fraction and herefore not included in the statistics.

Statistics for'*Xe concentrations are provided Tiable 4.30 Standard deviation in the
results increasewith burnup and decreaseavith void fraction. The maximum relative
standard deviation is 2.7% at the end of depletion at 70% void fraction.
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Figure 4.83. *Xe concentration at 40% void Figure 4.84. 33Xe concentration at 40% void
fraction at discharge fraction in 17-20 GWd/MTU interval
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Table 4.30. Statistics for *2Xe concentration

Oyears
Burnup 0% voidraction 40% voidraction 70% voidractior?
GWd/MTU| Mean 2s 2% Mean 2s 25% Mean 2s 2%
2 1.31E06 1.70ED8 1.30 1.30ED6 1.59E08 1.22 1.30ED6 1.50ED8 1.16
4 2.81ED6 4.05E08 1.44 2.79E06 3.78ED8 1.35 2. 77806 3.59E08 1.30
6 4.26ED6 6.61ED8 1.55 4.23E06 6.23E08 1.47 4.19E06 5.99E08 1.43
8 5.66ED6 9.33ED8 1.65 5.61E06 8.91E08 1.59 5.56E06 8.63E08 1.55
10 7.01E06 1.21E07 1.73 6.94E06 1.18E07 1.70 6.87E06 1.16ED7 1.69
12 8.31ED6 1.50E07 181 8.22ED6 1.47807 1.79 8.13ED6 1.46E07 1.80
14 9.58ED6 1.80ED7 1.88 9.46ED6 1.78ED7 1.88 9.34ED6 1.81E07 1.94
16 1.08ED5 2.11E07 1.96 1.07ED5 2.08E07 1.95 1.05E05 2.20807 2.09
18 1.20E05 2.40B07 2.01 1.18E05 2.46E07 2.08 1.16E05 2.59E07 2.23
20 1.31ED5 2.72E07 2.07 1.29ED5 2.82E07 2.18 1.27ED5 3.02ED7 2.38

BURNUPCREDIT CRITICALITY BENCHMARK PHASE 1ID




NEA/NSC/R(2022)BCORR| 79

Table 4.30. Statistics for*3Xe concentration(continued)

5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 2% Mean 2s 23% Mean 2s 2%
2 1.55E06 2.39E08 1.55 1.54E06 2.22ED8 1.44 1.53E06 2.08ED8 1.36
4 3.05ED6 4.88ED8 1.60 3.03E06 4.56E08 151 3.01ED6 4.29ED08 1.43
6 4.50ED6 7.53ED08 1.68 | 4.46ED6 7.07ED8 1.59 | 4.43E06 6.74ED8 1.52
8 5.89ED6 1.02E07 1.73 5.84ED6 9.71ED8 1.66 | 5.79ED6 9.41ED8 1.63
10 7.24E06 1.31E07 181 7.17E06 1.26ED7 1.76 7.10ED6 1.23ED7 1.73
12 8.54ED6 1.60ED7 1.88 8.45ED6 1.63E07 1.93 | 8.36ED6 1.55E07 1.85
14 9.81ED6 1.91E07 1.94 9.69ED6 1.92E07 1.98 9.58ED6 1.89ED7 1.97
16 1.10ED5 2.22807 2.01 1.09ED5 2.24E07 2.05 1.07ED5 2.27ED7 2.12
18 1.22E05 2.50B07 2.04 1.20ED5 2.62ED7 2.17 1.19ED5 2.71E07 2.28
20 1.34E05 2.85ED7 2.14 1.32E05 2.93E07 2.23 1.29ED5 3.13807 2.42

Note:1SC20results are not includedSC20 and SCiesults are not included

4.7.4. 13Cs

The general trend in concentrations '8fCs with lattice burnup is shown Figure 4.85

133Cs concentrations also exhibit a linear trend with burnup. A detailed plot for #@ 14
GWd/MTU burnup interval is also providedfingure 4.86 As KE1 and KE3 resulisgree,

the largest concentrations are observed in KE1, KE2 and VES3 results. CA1 and AP1 codes
predict the lowest concentrations at all void fractions. KE1 and CA1 results are placed

outside the & band.

Statistics for'*Cs concentrations are provided Table 4.31 While relative standard
deviation of the results decreases with burnup and void fraction, standard deviation
increases with burnup. Relative standard deviation is less than 2.20% at peak reactivity and

around 2% at the end of depletion.

Figure 4.85. 3%Cs concentration at 40% void
fraction at discharge
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Figure 4.86. 3Cs concentration at 40% void
fraction in 14-20 GWd/MTU interval
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Table 4.31. Statistics for 133Cs concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidractior?

GWd/MTU Mean 2s 2% Mean 2 2% Mean 2s 23%
2 3.18E06 6.79ED8 2.13 3.16ED6 6.68ED8 211 3.14ED6 6.57ED8 2.09
4 6.67ED6 1.41E07 2.12 6.62ED6 1.37ED7 2.07 6.58ED6 1.33ED07 2.02
6 1.01ED5 2.15ED7 2.14 1.00ED5 2.08ED7 2.08 9.93ED6 2.01ED7 2.02
8 1.34ED5 2.85E07 2.13 1.33ED5 2.76E07 2.08 1.32ED5 2.66E07 2.02
10 1.66ED5 3.55E07 2.14 1.65ED5 3.41E07 2.07 1.64ED5 3.26E07 1.99
12 1.98ED5 4.14E07 2.09 1.96ED5 3.94E07 2.00 1.95ED5 3.71E07 1.90
14 2.29ED5 4.74E07 2.07 2.27ED5 4.45E07 1.96 2.26ED5 4.19E07 1.86
16 2.60ED5 5.28ED7 2.03 2.58ED5 4.97E07 1.93 2.56E05 4.64E07 1.82
18 2.90ED5 5.84ED7 2.01 2.88ED5 5.46E07 1.90 2.85E05 5.13E07 1.80
20 3.20ED5 6.38ED7 1.99 3.17ED5 5.96E07 1.88 3.14E05 5.60ED7 1.79

Table 4.31. Statistics fo3*Cs concentration ¢ontinued)

5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU, Mean 2s 2% Mean 2s 2% Mean 2s 25%
2 3.56E06 8.41E08 2.36 3.54E06 8.05E08 2.27 3.52E06 7.66E08 2.18
4 7.05E06 1.64ED7 2.33 7.00ED6 1.57ED7 2.25 6.95E06 1.50ED7 2.17
6 1.04ED5 2.42ED07 2.32 1.04ED5 2.28E07 2.20 1.03ED5 2.20ED07 2.13
8 1.38ED5 3.1387 2.27 1.37ED05 3.01ED7 2.20 1.36ED5 2.89ED7 2.13
10 1.70ED5 3.83E07 2.25 1.69ED05 3.66ED7 2.17 1.67ED5 3.49ED07 2.08
12 2.02ED5 4.46E07 221 2.00ED5 4.69ED7 2.35 1.99ED05 3.95E07 1.99
14 2.33ED5 5.06ED7 2.18 2.31ED5 5.18ED7 2.24 2.29E05 4.44E07 1.94
16 2.63ED5 5.61ED7 2.13 2.61ED5 5.69ED7 2.18 2.59ED5 491807 1.90
18 2.94E05 6.17ED7 2.10 2.91ED5 6.17ED7 2.12 2.89ED5 5.36ED7 1.86
20 3.23E05 6.72ED7 2.08 3.20ED5 6.27ED7 1.96 3.17ED5 5.84ED7 1.84

Note:1SC20results are not includedSC20 and SCiiesults are not included

4.7.5. 1Nd

The Nd results are shown iRigure 4.87 **3Nd concentrations exhibit the same trend
with respect to lattice burnup at all void fractions &md-year decay. A detailed plot for
the 1820 GWd/MTU burnup interval is also provided figure 4.88 KE2 (JEFF2.2)
predicsthe highest concentrationshile HELIOS and SERPENT codes predict the lowest
concentrations. HE4 results are below tkeband at all void fractions, and all HELIOS
results are below thesband at 70% void fraction.

Statistics for'**Nd concentrations are provided Tiable 4.32 Stamlard deviation in the
results are small. Relative standard deviation is below 1.2% at peak reactivity and less than
1% at the end of depletion.
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Figure 4.87. ¥*INd concentration at 40% void Figure 4.88. *“INd concentration at 40% void
fraction at discharge fraction in 18-20 GWd/MTU interval
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Table 4.32. Statistics for 1*3Nd concentration
Oyears
Burnup 0% voidraction 40% voidraction 70% voidraction
GWdA/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 25%
2 2.27ED6 3.38ED8 1.49 2.25E06 3.18ED8 1.41 2.23E06 2.94E08 1.32
4 5.19E06 6.30ED8 1.21 5.15E06 5.74E08 1.11 5.10ED6 5.02E08 0.98
6 7.96E06 9.45ED8 1.19 7.89ED6 8.52ED8 1.08 7.83ED6 7.51E08 0.96
8 1.06ED5 1.22E07 1.16 1.05ED5 1.10ED7 1.05 1.04ED5 9.79ED8 0.94
10 1.30ED5 1.56E07 1.20 1.29ED5 1.41ED7 1.09 1.29ED5 1.25ED7 0.97
12 1.54E05 1.71E07 1.11 1.53E05 1.56ED7 1.02 1.52E05 1.44E07 0.95
14 1.76ED5 1.86ED7 1.06 1.75E05 1.75ED07 1.00 1.74E05 1.44E07 0.83
16 1.96ED5 1.98ED7 1.01 1.96E05 1.86ED7 0.95 1.96E05 1.56E07 0.80
18 2.16ED5 2.13ED07 0.99 2.16ED5 1.95E07 0.90 2.16ED5 1.69E07 0.78
20 2.35E05 2.1307 | 0.91 2.35E05 2.02ED7 0.86 2.35E05 1.86ED7 0.79
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Table 4.32. Statistics for*INd concentration (continued)

5yearg

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU, Mean 2s 2% Mean 2 2% Mean 2s 3%
2 3.09ED6 | 3.79ED8 | 1.23 3.06ED6 | 3.28ED8 1.07 3.03E06 | 2.90ED8 0.96
4 6.00ED6 | 7.25ED8 | 1.21 5.95E06 | 6.47ED8 1.09 5.89E06 | 5.62ED8 0.95
6 8.75ED6 | 1.07ED7 | 1.22 8.67ED6 | 9.39ED8 1.08 8.60ED6 | 8.16ED8 0.95
8 1.13E05 | 1.40ED7 | 1.24 1.13E05 | 1.25ED7 1.12 1.12ED05 | 9.99ED8 0.89
10 1.38ED5 1.72ED7 1.24 1.37ED5 1.47ED7 1.07 1.36ED5 1.28ED7 0.94
12 1.61ED5 1.94E07 121 1.60ED5 1.92ED7 1.20 1.59ED5 1.41E07 0.88
14 1.83ED5 2.08ED7 114 1.82E05 2.03ED7 111 1.81E05 1.53E07 0.84
16 2.04ED5 2.18ED7 1.07 2.03ED5 2.13ED7 1.05 2.03ED5 1.64E07 0.81
18 2.23E05 2.28ED7 1.02 2.23ED5 2.20ED7 0.99 2.23ED5 1.75E07 0.79
20 2.42E05 2.30ED7 0.95 2.42ED5 2.08ED7 0.86 2.42ED5 1.90ED07 0.78

Note:1SC20resultsare not includegfSC20 and SCiesults are not included

4.7.6. 1*8\d

148\d concentrations show a linear trend with burniigyre 4.89. The same trend is
observed at all void fractions afide-year decay. A detailed plot for the-20 GWd/MTU
burnup intervals provided inFigure 4.90 As the highest concentrations are observed in
AL1 and AP1 results, AP1 results are above the@&nd. HELIOS codes predict the lowest
concentrations at all void fractions.

Statistics for'*®Nd concentrations are provided Trable 4.33 Standard deviation of the
results is smalldthoughit increases with burnup and decreases with void fraction. Relative

standard deviation at peak power is less than 1.35% and increases to 1.40% at the end of

depletion.
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Figure 4.89. *3Nd concentration at 40% void
fraction at discharge
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Figure 4.90. **Nd concentration at 40% void
fraction in 19-20 GWd/MTU interval
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Table 4.33. Statistics for 1*8Nd concentration
Oyears
Burnup 0% voidraction 40% voidraction 70% voidraction
GWdA/MTU| Mean 2s 25% Mean 2s 25% Mean 2s 23%
2 9.14E07 1.07ED8 1.18 9.11ED7 1.05E08 1.15 9.08ED7 1.05E08 1.15
4 1.82ED6 2.17ED8 1.20 1.81ED06 2.16ED8 1.19 1.81ED06 2.08ED8 1.15
6 27106 | 3.37ED8 1.25 2. 7006 | 3.26ED8 1.21 2.69E06 | 3.22ED8 1.20
8 3.58ED6 4.62ED8 1.29 3.57ED6 4.44E08 1.24 3.56ED6 4.35E08 1.22
10 44406 | 5.95ED8 1.34 4.43ED6 | 5.68ED8 1.28 44306 | 5.54E08 1.25
12 5.30ED6 | 7.30ED8 1.38 5.29ED6 | 6.92ED8 1.31 5.28E06 | 6.61ED8 1.25
14 6.15ED6 | 8.56ED8 1.39 6.14ED06 | 8.13ED8 1.32 6.14ED6 | 7.76ED8 1.26
16 7.00ED6 | 9.76ED8 1.39 6.99ED6 | 9.24ED8 1.32 6.99ED6 | 8.86ED8 1.27
18 7.85ED6 1.10ED7 1.40 7.84ED6 1.03E07 1.31 7.83ED6 1.00ED7 1.28
20 8.69ED6 1.21E07 1.39 8.69ED6 1.14E07 1.32 8.68ED6 1.10E07 1.27
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Table 4.33. Statistics for*3Nd concentration (continued)

5yearg

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU, Mean 2s 2% Mean 2s 2% Mean 2s 3%
2 9.14ED7 | 1.08ED8 | 1.19 9.11ED7 | 1.05ED8 1.15 9.08ED7 | 1.05ED8 1.16
4 1.82ED6 2.19ED8 1.21 1.81ED6 2.17E08 1.20 1.81ED6 2.09ED8 1.16
6 2.71ED6 | 3.40ED8 | 1.26 2.70ED6 | 3.26ED8 1.21 2.69ED6 | 3.24ED8 1.20
8 3.58ED6 | 4.66ED8 | 1.30 3.57ED6 | 4.44ED8 1.24 3.56ED6 | 4.37ED8 1.23
10 4.44ED6 | 5.99ED8 | 1.35 4.43ED6 | 5.69ED8 1.28 4.43ED6 | 5.56ED8 1.26
12 5.30ED6 | 7.35ED8 | 1.39 5.29ED6 | 6.86ED8 1.30 5.28ED6 | 6.64ED8 1.26
14 6.15ED6 8.62E08 1.40 6.14ED6 7.93E08 1.29 6.14ED6 7.80ED8 1.27
16 7.00ED6 9.83ED8 1.40 6.99ED6 8.96ED8 1.28 6.99ED6 8.90ED8 1.27
18 7.85ED6 1.11E07 1.41 7.84ED6 9.95E08 1.27 7.83ED6 1.01E07 1.28
20 8.69ED6 1.21E07 1.40 8.68ED6 1.14E07 1.32 8.68ED6 1.10ED7 1.27

Note:1SC20results are not includedSC20 and SCiesults are not included

4.7.7. 14'Sm

Concentrations df’Sm at discharge and affere-year decay are displayedfigures 4.91
and 4.92 respectively. Adetailed plot for the 220 GWd/MTU burnup interval is also
provided inFigure 4.93at dischargeand Figure 4.94 after five-yeas decay. While the
lowest concentrations are predicted by KENOREST, CAl1 and SC2 (END)/B
KENOREST results exhibit a bias coarpd to other code results. Among KENOREST
results, KE2 (JEFF2.2) resulise separated from other KENOREST results with a large
negative bias. All KENOREST results are below theband at all void fractions.

Statistics for*’Sm concentrations are proeidinTable 4.34 Standard deviation increases
with burnup, void fraction anflve-year decay. Maximum relative standard deviation is
1.2% at peak reactivity, increasing to 2.64% at the end of depletion.
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Figure 4.91 Sm concentration at 40% void
fraction at discharge
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Figure 4.93. 4’Sm concentration at 70% void
fractionin 17-20 GWd/MTU interval
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Figure 4.92. ¥’Sm concentration at 40% void
fraction with five-year decay
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Figure 4.94. ¥’Sm concentration at 70% void
fraction with five-year decay
in 17-20 GWd/MTU interval

Flsslon Products

KE1, KE3

KE2

L B e e S T B e I e B L B A o |
17 175 18 185 18 198 20

Burnup [GWdMTU]



86 | NEA/NSC/R(2022)BCORR

Table 4.34. Statistics for 4’Sm concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 25% Mean 2s 2% Mean 2s 23%
2 2.27ED8 | 2.30E10 | 1.01 2.24ED08 | 1.94E10 0.86 2.22ED8 | 1.65E10 0.74
4 1.03E07 | 9.72E10 | 0.94 1.02E07 | 8.55E10 0.84 1.01E07 | 7.20E10 0.72
6 2.35ED7 | 2.23ED9 | 0.95 2.31ED7 | 1.98ED9 0.86 2.27ED7 | 1.79ED9 0.79
8 4.09E07 4.02E09 0.98 4.01E07 3.76E09 0.94 3.92807 3.79ED9 0.97
10 6.19ED7 6.60ED9 1.07 6.04ED7 6.45E09 1.07 5.89807 7.03E09 1.19
12 8.58ED7 1.02E08 1.19 8.34ED7 1.05ED8 1.26 8.1187 1.18ED8 1.46
14 1.12ED6 1.52E08 1.36 1.09ED6 1.58ED8 1.46 1.05ED6 1.83ED8 1.74
16 1.40ED6 2.09ED8 1.49 1.35E06 2.32E08 1.71 1.31ED6 2.68ED8 2.05
18 1.70ED6 2.81ED8 1.66 1.63ED6 3.14E08 1.92 1.57ED6 3.67ED8 2.33
20 2.00ED6 3.71E08 1.85 1.92ED6 4.15E08 2.16 1.85ED6 4.87ED8 2.64
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 5% Mean 2s 2% Mean 2s 3%
2 8.62ED7 | 8.72ED9 | 1.01 8.55ED7 | 7.47ED9 0.87 8.47ED7 | 6.53ED9 0.77
4 1.67E06 | 1.52ED8 | 0.91 1.65E06 | 1.30ED8 0.79 1.63E06 | 1.17ED8 0.71
6 2.44ED6 | 2.27ED8 | 0.93 2.40ED6 | 2.11ED8 0.88 2.36ED6 | 2.03ED8 0.86
8 3.16ED6 | 3.33ED8 | 1.06 3.10ED6 | 3.66ED8 1.18 3.05ED6 | 3.63ED8 1.19
10 3.85ED6 | 4.73ED8 | 1.23 3.77ED6 | 4.99ED8 1.33 3.69ED6 | 5.70ED8 1.54
12 45006 | 6.53ED8 | 1.45 4.40ED6 | 7.27ED8 1.65 4.30E06 | 8.36ED8 1.94
14 5.13E06 8.55ED8 1.67 5.00ED6 9.67ED8 1.94 4.88ED6 1.14E07 2.34
16 5.72E06 1.09E07 1.90 5.57ED6 1.24E07 2.24 5.42E06 1.48ED07 2.73
18 6.29ED6 1.35E07 2.14 6.11ED6 1.56ED7 2.55 5.94E06 1.84ED07 3.10
20 6.83E06 | 1.64ED7 | 2.39 6.62E06 | 1.90ED7 2.88 6.42E06 | 2.23ED7 3.47

Note:1SC20results are not includedSC20 and SCilesults are not included

4.7.8. 14%Sm

14%Sm concentrations at different void fractions and Vitle-year decay are shown in
Figures 4.95 to 4.100Comparisons of*°Sm results show a large spread at all void
fractions. VE1, VE2, AP1 and AL1 codes predict the lowest concentratidfi$Sof, and

most of the results in this group are outside thband. Athough VE1, VE2 AP1 and AL1

have different MC and deterministic transport solvers, they all use JEFF3 (JEFF3.1 and
JEFF3.2) libraries. VE1, VE2 and AP1 results are outside shiead. KE2 (JEFF2.2)
code predid the highest concentrations at all voidctians. Although a bias exists
between KE2 and CALl results, they exhibit a different trend with lattice burnup compared
to other codesHigures 4.95 and 4.96Considering that KE2 and CA1 codes use different
transport solvers (MC, deterministic) and diéfiet depletion algorithms, the common trend
can be attributed tthe common JEFF2.2 library.
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Statistics for'**Sm concentrations are providedTabe 4.35 Standard deviation in the
results increases with increasing burnup, void fraction andfaféeyear decay. Although,
average concentrations stay almost constant, standard deviation increases with burnup. The
largest increase in standard deviation is observed with respect to void fraction. At peak
reactivity, the standard deviation at 70% void fracti®60% higher than the standard
deviation at 0% void fraction. The largest relative standard deviation is 10.1% at peak
reactivity and increases to 13.3% at the end of depletion. Decay time also increases standard
deviations after five-year decay, standédeviations increase by 20% to 50% at 0% and

70% void fractions, respectively.

(ab-cn

Figure 4.95. °Sm concentration at 0% void Figure 4.96. 14°Sm concentration at 0% void
fraction at discharge fraction with five-year decay
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Figure 4.97. *°Sm concentration at 40% void Figure 4.98. *%Sm concentration at 40% void
fraction at discharge fraction with five-year decay
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Figure 4.99. %°Sm concentration at 70% void

Figure 4.100. **°Sm concentration at 70% void

fraction fraction with five-year decay
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Table 4.35. Statistics for 14°Sm concentration

Oyears
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU | Mean 2 2% Mean 2 2% Mean 2 2%
2 7.58ED8 4.49E09 5.92 8.26ED8 4.89ED9 5.93 9.08ED8 5.58ED9 6.15
4 7.77ED8 5.06ED9 6.51 8.58ED8 5.73ED9 6.68 9.57ED8 6.86ED9 7.17
6 7.84ED8 5.59ED9 7.13 8.74ED8 6.51ED9 7.45 9.85ED8 8.02ED9 8.14
8 7.80ED8 6.06ED9 7.76 8.77ED8 7.22ED9 8.23 9.98ED8 9.12ED9 9.14
10 7.74E08 6.46E09 8.35 8.77ED8 | 7.80ED9 8.90 1.00BD07 | 1.02ED8 10.14
12 7.69ED8 6.82ED9 8.87 8.77ED8 8.34ED9 9.52 1.01ED7 1.10ED8 10.91
14 7.63ED8 7.13ED9 9.35 8.76ED8 8.80ED9 10.05 1.02E07 1.17E08 11.52
16 7.54E08 7.39ED9 9.80 8.73ED8 9.21ED9 10.54 1.02E07 1.24E08 12.12
18 7.44ED8 7.59ED9 10.21 8.68ED8 9.56ED9 11.02 1.02ED7 1.29E08 12.64
20 7.32ED8 7.77ED9 10.62 8.61ED8 9.85ED9 11.44 1.02E07 1.35E08 13.21
5year$
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU | Mean 2s 23% Mean 2s 2% Mean 2s 2%
2 1.00ED7 4.82E09 4.81 1.07E07 5.19ED9 4.85 1.15E07 5.91E09 5.12
4 1.03E07 5.53ED9 5.37 1.1187 6.23E09 5.61 1.21E07 7.41E09 6.10
6 1.04ED7 6.23ED9 5.98 1.13ED7 7.20ED9 6.35 1.25ED7 8.89ED9 7.11
8 1.04E07 6.87ED9 6.60 1.14E07 8.10ED9 7.09 1.27E07 1.01E08 7.99
10 1.04ED7 7.42ED9 7.14 1.15807 8.88ED9 7.74 1.28E07 1.13E08 8.85
12 1.04E07 7.99ED9 7.68 1.15807 9.59ED9 8.33 1.29E07 1.23E08 9.54
14 1.04E07 8.43ED9 8.10 1.16E07 1.02E08 8.81 1.30ED7 1.32E08 10.11
16 1.04ED7 8.84ED9 8.53 1.16E07 1.08ED8 9.27 1.31E07 1.39E08 10.62
18 1.03E07 9.19ED9 8.90 1.16ED7 1.12E08 9.67 1.32E07 1.46E08 11.07
20 1.03ED7 9.45ED9 9.22 1.16ED7 1.16E08 10.03 1.32ED7 1.52E08 1151

Note:1SC20results are not includedSC20 and SCilesults are not included
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4.7.9. ¥1Sm

Concentrations of'Sm at different void fractions and affere-year decay are compared

in Figures 4.101 to 4.10& he largest concentrahs are predicted by SCALE codes using
ENDF/B-V libraries (SC2, SC4, SC5). SC2, SC4 and SC5 results are placed outsisle the 2
band at all void fractions and exhibit a large bias compared to other code results. CAL,
KENOREST and HELIOS codes also predidgh concentrations, and are grouped
together.

Statistics for>!Sm concentrations are providedTable 4.36 Standard deviation in the
results increases with burnup and void fractimut, is not significantly dfected by decay
time. The maximum relativetandard deviation is 10.5% at peak reactivity and increases
to 15% at the end of depletion.

Figure 4.101 *'Sm concentration at 0% void Figure 4.102 ¥Sm concentration at 0% void
fraction at discharge fraction with five-year decay
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Figure 4.103 *%3Sm concentration at 70% void Figure 4.104. *53Sm concentration at 70% void
fraction fraction with five-year decay
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Table 4.36. Statistics for >'Sm concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU Mean 2s 2% Mean 2s 25% Mean 2s 2%
2 1.61ED7 | 6.04ED9 | 3.76 1.65ED7 | 5.97ED9 | 3.62 1.69ED07 | 5.91E09 | 3.49
4 2.41ED7 | 1.55ED8 | 6.42 2.53ED7 | 1.58ED8 | 6.24 2.65ED7 | 1.61ED8 | 6.07
6 2.83ED7 | 2.36ED8 | 8.34 3.02ED7 | 2.48E08 | 8.21 3.23ED7 | 2.61ED8 | 8.08
8 3.06ED7 | 2.95ED8 | 9.64 3.32E07 | 3.15ED8 9.48 3.61ED7 | 3.37ED8 9.35
10 3.20BD07 | 3.28ED8 | 10.26 3.51E07 | 3.60ED8 10.26 3.87ED7 | 3.99ED8 10.32
12 3.298D7 | 3.56E08 | 10.83 3.65ED7 | 4.02ED8 11.03 4.06E07 | 4.58ED8 11.28
14 3.36ED7 | 3.81ED8 | 11.35 3.76ED7 | 4.41ED8 11.71 4.23807 | 5.15ED8 12.19
16 3.42ED07 | 4.05ED08 | 11.84 3.86ED7 | 4.78ED8 12.38 4.38ED7 | 5.72ED8 13.06
18 347807 | 4.27E08 | 12.30 3.95ED7 | 5.15ED8 13.03 4.52E07 | 6.28ED8 13.91
20 3.51E07 | 44908 | 12.78 4.03E07 | 5.51E08 13.67 4.64E07 | 6.85ED8 14.76
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU Mean 2s 2% Mean 2 23% Mean 2s 3%
2 1.60ED07 | 5.91E09 | 3.70 1.64E07 | 5.83E09 | 3.57 1.68E07 | 5.79E09 | 3.45
4 2.37E07 | 1.51E08 | 6.37 2.48ED7 | 1.54E08 | 6.20 2.60ED7 | 1.57ED8 | 6.03
6 2.78ED7 | 2.30ED8 | 8.29 2.96ED7 | 2.42ED8 | 8.16 3.16ED7 | 2.54ED8 | 8.03
8 3.00ED7 | 2.87ED8 | 9.58 3.25ED7 | 3.06ED8 | 9.42 3.53ED7 | 3.27ED8 | 9.28
10 3.13ED7 | 3.19ED8 | 10.18 3.43ED7 | 3.50E08 | 10.19 3.78ED7 | 3.87ED8 | 10.23
12 3.22ED7 | 3.46ED8 | 10.73 3.57ED7 | 3.91E08 | 10.95 3.97ED7 | 4.43ED8 | 11.16
14 3.298D07 | 3.69ED8 | 11.23 3.68ED7 | 4.27ED8 11.62 413807 | 4.98ED8 12.06
16 3.35BD7 | 3.92E08 | 11.71 3.78ED7 | 4.63ED8 12.27 4.28E07 | 5.52ED8 12.90
18 3.40BD07 | 4.13E08 | 12.16 3.86ED7 | 4.99ED8 12.91 441807 | 6.06ED8 13.75
20 3.44E07 | 4.35ED8 | 12.63 3.94E07 | 5.338 | 13.53 454807 | 6.62ED08 | 14.59

Note:1SC20results are not includedSC20 and SCilesults are not included

4.7.10. *°Sm

Comparisos of ®Sm concentrations at different void fractions and dftex-year decay
are shown irFigures 4.105 to 4.10& detailed plot for the 120 GWd/MTU burnup
interval is also provided iRigure 4.107at 70% void fraction.

In general, KENOREST, SC2 (ENDFM) and CAl results are grouped together and
predict the largest concentrations. ExciptCAL, theresults of these codes lay outside
the2s band.

Statistics for'®>Sm concentrations are providedTiable 4.37 Standard deviation in the
results increases with increasing void fraction and burnup. Decay time does not change
standard deviations significantly. The maximum relative standardtievia 4.5% at peak
reactivity and increases to 8.6% at the end of depletion. If KENOREST, SC2 and CAl
results are removed from the statistics, standard deviation drops byraoté ¢.38.
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Figure 4.105. 52Sm concentration at 0% void
fraction at discharge
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Figure 4.107. 15°Sm concentration at 70% void
fraction in 1520 GWd/MTU interval
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Figure 4.106. *5°Sm concentration at 70% void
fraction
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Figure 4.108 %?Sm concentration at 70% void
fraction with five-year decay
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Table 4.37. Statistics for 152Sm concentration

O-yeard

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 25% Mean 2s 23% Mean 2s 23%
2 2.19ED7 | 6.35ED9 | 2.90 2.16ED7 | 5.86ED9 2.72 2.12ED7 | 5.39ED9 2.54
4 5.18ED7 | 1.44ED8 | 2.78 5.07E07 | 1.39ED8 2.74 4.96E07 | 1.36ED8 2.75
6 8.42ED7 | 2.21ED8 | 2.63 8.22ED7 | 2.32ED8 2.82 8.01ED7 | 2.52ED8 3.14
8 1.17ED6 3.11E08 2.66 1.14E06 3.56E08 3.12 1.11ED6 4.17ED8 3.76
10 1.49ED6 4.37E08 2.93 1.45E06 5.24E08 3.61 1.41ED6 6.31ED8 4.47
12 1.80ED6 5.91E08 3.28 1.75E06 7.28ED8 4.15 1.70ED6 8.92ED8 5.25
14 2.10ED6 7.83ED8 3.72 2.04ED6 9.75E08 477 1.97ED6 1.19ED07 6.03
16 2.39ED6 9.99ED8 4.17 2.32ED6 1.25E07 5.39 2.23E06 1.53E07 6.86
18 2.67ED6 1.24E07 4.66 2.58ED6 1.56ED07 6.05 2.48ED6 1.91E07 7.71
20 2.94ED6 1.52E07 5.18 2.83ED6 1.90ED7 6.73 2.71E06 2.32E07 8.54
5year$

Burnup 0% voidraction 40% voidraction 70% voidraction

GWd/MTU| Mean 2s 5% Mean 2s 2% Mean 2s 3%
2 2.19807 6.35ED9 2.90 2.16ED7 5.87ED9 2.72 2.12E07 5.39ED9 2.54
4 5.18ED7 1.44E08 2.78 5.07ED7 1.39ED8 2.73 4.96ED7 1.36ED8 2.75
6 8.42ED7 | 2.21ED8 | 2.63 8.22ED7 | 2.32ED8 2.82 8.02ED7 | 2.52ED8 3.14
8 1.17E06 | 3.11ED8 | 2.66 1.14E06 | 3.56ED8 3.12 1.11E06 | 4.17ED8 3.76
10 1.49E06 | 4.37ED8 | 2.93 1.45E06 | 5.23ED8 3.60 1.41E06 | 6.30ED8 4.47
12 1.80E06 | 5.91ED8 | 3.27 1.75ED06 | 7.47ED8 4.26 1.70ED06 | 8.92ED8 5.25
14 2.11E06 7.84E08 3.72 2.04ED6 9.91E08 4.85 1.97ED6 1.19ED07 6.03
16 2.39ED6 9.99ED8 4.17 2.32ED6 1.26ED7 5.46 2.23E06 1.53E07 6.85
18 2.67ED6 1.24E07 4.66 2.58ED6 1.57ED7 6.10 2.48E06 1.91E07 7.71
20 2.94E06 1.52E07 5.17 2.83ED6 1.90ED7 6.73 2.71E06 2.32E07 8.54

Note:1SC20results are not includedSC20 and SCilesults are not included
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Table 4.38. Statistics for >Sm concentration (KENOREST, CA1, SC2 are removed)

Oyears

Burnup 0% voidraction 40% voittaction 70% voittaction
GWd/MTU Mean 2s 25% Mean 2s 25% Mean 2s 23%
2 2.19ED7 | 6.04ED9 | 2.75 | 2.16ED7 | 5.58ED9 | 2.59 | 2.12ED7 | 5.13ED9 | 2.42
4 5.17ED7 | 1.31ED8 | 2.53 | 5.06E07 | 1.21ED8 | 2.40 | 4.95ED7 | 1.14ED8 | 2.30
6 8.40ED7 | 1.86ED8 | 2.21 | 8.20ED7 | 1.78ED8 | 2.17 | 7.98ED7 | 1.74ED8 | 2.18
8 1.17E06 | 2.31E08 | 1.98 1.14ED6 | 2.35ED08 | 2.07 1.10ED6 | 2.46ED8 | 2.23
10 1.49ED6 | 2.96ED8 | 1.99 1.44E06 | 3.08E08 | 2.13 1.40ED6 | 3.28ED8 | 2.34
12 1.79ED6 | 3.61E08 | 2.01 1.74E06 | 3.95ED8 | 2.27 1.68ED6 | 4.50E08 | 2.67
14 2.09ED6 | 4.56E08 | 2.18 2.02ED6 | 5.08ED8 | 2.51 1.95ED6 | 5.65ED8 | 2.89
16 2.38ED6 | 5.39ED8 | 2.27 2.29ED6 | 6.09ED8 | 2.65 2.21ED6 | 6.92ED8 | 3.14
18 2.65ED6 | 6.32ED8 | 2.38 2.55E06 | 7.33ED8 | 2.87 2.45E06 | 8.48E0D8 | 3.47
20 2.91ED6 | 7.59E08 | 2.61 2.79ED6 | 8.81ED8 | 3.15 2.67ED6 | 1.01ED7 | 3.78

Note:SC20, SC2, KENOREST, CA®sults are not included

4.7.11. *°Eu

Concentrations of°Eu at different void fractions and aftive-year decay are compared

in Figures 4.109 and 4.11Groupings in the code results are clearly observed in the figures.
HELIOS, CAland SCALE codes using ENDF®B library (SC2, SC4, SC5) are grouped
together and predict the lower concentrations with a large negative bias compared to other
code results. While the lowest concentrations are predicted by SC2, the largest
concentrations argredicted by KE2 (JEFF2.2). Similar trends“fEu concentrations are
observed at all void fractierand afterfive-year decay. However, CAl results exhibit a
bias with respect to results located in the bottom groupfafeeyear decay.

Statistics for!**Eu concentrations are provided ¥able 4.39 Because of the large
differences in the predicted concentrations between the two groups of réSHits,
concentrations have the largest standard deviations in all fission praodaoblties
investigated inhis benchmark. Standard deviations in the results increase with burnup and
void fraction and decrease by 50% aftie-year decay. The largest relative standard
deviation is 26% at peak reactivity. This value increases to 28% at the end of depletion.
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Figure 4.109 *%Eu concentration at 40% void Figure 4.110 '*%Eu concentration at 40% void
fraction fraction with five-year decay
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Table 4.39. Statistics for 1>°Eu concentration

Oyears
Burnup 0% voidraction 40% voidraction 70% voidraction
GWd/MTU Mean 2 2% Mean 2s 2% Mean 2s 2%
2 1.39ED08 |1.80ED9 |12.92 1.39E08 |1.95ED9 |14.04 1.39ED8 |[2.09ED9 |15.05
4 2.20ED8 |[4.24ED9 [19.25 2.19ED08 |4.48ED9 20.42 2.19ED8 |4.71ED9 2151
6 2.89ED8 |6.41ED9 |22.19 2.89ED8 |6.71E09 |23.18 2.90E08 |7.01ED9 |24.13
8 3.61E08 |8.52ED9 |23.61 3.64E08 | 8.93ED9 24.49 3.69E08 |9.34ED9 25.32
10 4.42ED8 |1.08ED8 |24.53 4.50E08 |1.14ED8 |25.29 4.60ED8 |1.20ED8 |26.02
12 5.34ED08 |1.35ED8 |25.29 5.49ED8 |1.43ED8 |25.98 5.65E08 |1.50ED8 |26.63
14 6.39E08 |1.66ED8 |25.99 6.62ED8 |1.76ED8 |26.59 6.85E08 |1.86ED8 |27.19
16 7.59E08 |2.02ED8 |26.59 7.90ED8 | 2.14ED8 27.14 8.21ED8 |2.27ED8 27.68
18 8.94E08 |2.42ED8 |27.06 9.33E08 |2.57ED8 27.56 9.73E08 | 2.73ED8 28.06
20 1.04ED7 |2.87ED8 |27.46 1.09E07 |3.05ED8 27.90 1.14E07 |3.24ED8 28.35

BURNUPCREDIT CRITICALITY BENCHMARK PHASE 1ID



NEA/NSC/R(2022)BCORR| 95

Table 4.39. Statistics for®>>Eu concentration (continued)

5yearg
Burnup 0% voidraction 40% voidraction 70% voidraction
GWdA/MTU Mean 2s 2% Mean 2s 2% Mean 2s 25%
2 6.71ED9 |8.68EL0 |12.95 6.70ED9 |9.38E10 |14.00 6.71E09 |1.01H9 |14.98
4 1.06ED8 |2.04ED9 |19.20 1.06E08 |2.15ED09 |20.37 1.06ED8 |2.26ED9 |21.44
6 1.39E08 |3.08ED9 |22.12 1.39E08 |3.22ED9 |23.11 1.40ED08 |3.37ED9 | 24.07
8 1.74E08 |4.10ED9 |23.59 1.76E08 |4.31ED9 24.52 1.78ED8 |4.48ED9 25.22
10 21308 |5.22H09 |24.50 2.17ED8 |5.48E09 25.25 2.22E08 |5.76E09 25.99
12 257008 |6.51H9 |25.28 2.64E08 |6.86ED9 25.93 2.72E08 | 7.24ED09 26.59
14 3.08E08 |8.00ED9 |25.95 3.19ED8 |8.45ED9 |26.52 3.30ED8 |8.96ED9 |27.14
16 3.66E08 |9.72ED9 |26.56 3.80ED8 |1.03ED8 |27.08 3.96E08 |1.09ED8 |27.65
18 4.31E08 |1.17ED8 |27.05 4.49E08 | 1.24ED8 27.51 4.69E08 |1.31ED8 |28.02
20 5.038 |1.38H08 |27.41 5.26E08 |1.47ED8 27.88 5.50E08 |1.56ED8 |28.32

Note:1SC20results are not includedSC20 and SCiesults are not included

4.8.Comparison of SCALE code results

More than half of the submitted results in this benchmark were obtained using SCALE
codes. SCALE code results exhibit a large sprea#irirand nuclide con@ntrations.
Comparisons okins results by SCALE codes are showrFigures 4.111 and 4.1 0%

and 70% void fraction for the peak reactivity region. Groups in the results are observed in
the figures, attributed largely to the different cresstion library used in the calculations.
SCALE offers different transport solvers and crssstion librariedor lattice physics
problems. SCALE sequences and creastion libraries used by the participants include:

1 TRITON/CE KENGYVI (MC transport solver with continuotenergy library)
o ENDF/B-VII.O

T TRITON/MG KENG-VI (MC transport solver with multigroup enertjigrary)
o ENDF/B-VII.0 238 group

I TRITON/NEWT (deterministic slice balance transport solver with multigroup
energy library)

ENDF/B-V 44 group
ENDF/B-V 238 group
ENDF/B-VI 238 group
ENDF/B-VII.0 238 group
ENDF/B-VII.1 252 group
ENDF/B-VII.1 56 group

1 Polaris (deterministicMethods of Characteristics IOC) transport solver with
multigroup energy library)

o ENDF/B-VII.1 252 group
0 ENDF/B-VII.1 56 group

O O O o o o
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Figure 4.111 SCALE kint results at 0% void

Figure 4.112 Comparison SCALE kinf results
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A potential significant source of variation the SCALE results is attributed to the
treatment of Dancoff factors for cresection processing. Dancoff factors are important in
theprocessing of multigroup cross sections, especially for BWR lattice problems. TRITON
does not offer an option for autoradtDancoff factor calculations for heterogeneous lattice
geometries (the default is to apply factors for an infinite pin cell lattice). Improved pin
specific Dancoff factors can be calculated externally using the SCALE/MCDANCOFF
sequencewhich requires asther input model.

At least one SCALE code result (SC9) did not include externalbulated Dancoff factors
for the benchmark calculations. Very similar results were observed for the results of SC1
and SC11lhoweverit is not known if these contributisrapplied external Dancoff factors.

The lowestkirs results are attributed to the codes using ENB¥/RBnd ENDF/BVI
libraries. There is also a clear separation in results of the codes using ENDB/Bnd
ENDF/B-VII.1 libraries at 70% void fractionm{gure 4.112 SC14 (KENGVI using CE
ENDF/B-VII.O library) results are near the averdge (Figure 4.112 The oscillations in

SC14 results indicate a potential convergence problem (i.e. inadequate number of
cycles/generations for MC calculations).

SC2 results predict the highdgt at all void fractions and are separated from all other
SCALE code results at 70% void fraction. Considering that SC2 and SC4 results were
calculated using the same cragstion library (ENDF/BV 44 group), the bias obsved

in SC2 results at high void fraction may again be due to the Dancoff factor treatment. The
highestki,s values inside the2band are calculated by SC1 (ENDFYB.0 238 group),

SC11 (ENDF/BVII.0 238 group) and SC9 (ENDF/BII.1 252 group).

4.8.1. TRITON/NEWT results using only ENDF/BVII.1 252g library

To reduce differences due to different transport solvers and-seotisn librariesthe
results of SCALE codes usitige TRITON/NEWT sequence using only the ENDFY/B.1
252 group library are compared amal the peak reactivity region Figure 4.113 SE1
results (SERPENT with ENDFAR11.0) are also included to provide a comparisdgth an
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MC code using a modern data library. Considering that the samese@ssn library and
SCALE versions were used, thariation in the calculatekl,s (~800 pcm) is likely to be
largely attributed to selected cressction processing treatment and transport solution
options.

In addition to different transport code options and csmsgion libraries used in the
benchmarkparticipants also used several different solution and modelling options. Based
on input filessubmittedby several participants, and information provided with each
submission, SCALE users selected different strategies in their models. For example, while
some participants applied high fidelity calculations by increasing angular mesh quadrature
order (e.g. Sn=16 instead of default Sn=6) and increasing convergence criteria and spatial
mesh size in the deterministic solutions, other participants applied, faste fidelity
depletion solutions by increasing convergence criteria. Several participants used an
approximate crossection collapse optionvgigh) that collapses a fine group library to a
broadgroup library. A critical spectrum option waksoused ly some participants.

The largeskis values are calculated by SC20. However, as discusssetction4.6, the
actinide concentrations predicted by SC20 suggest a possible anomaly in the initial uranium
fuel specification in the SC20 input model. If SC20rémoved from consideration, the
highestki,s values are calculated by SC16 and SC9. The SC9 model does not include
external Dancoff factors, and highles: values are expected. The SC16 model indude
external Dancoff factorshowever, this model also usé h e Awei ght o option
transport calculations. The weight option collapses multigroup cross sections to a smaller
energy group set using the initial flux spectrum calculataord applies this collapsed
library for the emainder of the depletion calculation. While this option provides fast
depletion calculations and generally acceptable results in many cases, larger differences
can be expected when the initial flux spectrum (initial fuel composition with full
gadolinium nventory) is not representative of the statepoint of interest (i.e. peak reactivity
with near fully depleted gadolinium inventory).

The loweskinsvalues are calculated by SC13. However, details of the input model were not
available. SC17, SC18 and SELuks show good agreement at all void fractions. The
largest difference it values calculated by SC17 and SC18 is less than 300 pcm at all
void fractions. Based on the declared information with submitted results, the difference is
expected to be due the use of critical spectrum in SC17 results and of higher order
quadrature (Sn=16) and a finer spatial mesh (8x8) used in SC18.
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Figure 4.113 Comparison of SCALE (TRITON/NEWT) kins results with ENDF/B-VII.1 2529 crosssection
library at 0% void fraction
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4.8.2. Additional analysis of modelling and solution options in TRITON/NEWT

The TRITON depletion sequence uses a-poiht depletion scheme. Therefore, transport
calculations are only exated at the migexposure point of each depletion step. Sikge

results at each depletion step were requestediythieould bénterpolated to the requested

time step or separate transport calculations performed at the requested time steps. The
secorm option is more rigorous; however, this requires either aduiegy small time step

at each point (doubling the number of transport calculations) or extraatinlde
concentrations at each depletion step and executing a separate set of NEWT aaculatio

The effect of different solutimand modelling options are illustrated using four additional
TRITON/NEWT calculations. These results were not included in the statistical analysis for
the benchmark and were used only for sensitivity studies. Themefe8C18 model and

the model variations are as follows:

1 SC18:explicit NEWT transport calculation after each depletion calculation (i.e. no
interpolation of results was performed), fine spatial mesh (sides=20, 8x8 pin cell
resolution) and Sn=16 quadratunaier,

SC18A: interpolatedkis default options

SC18B: the SC18A model with fine spatial mesh (sides=20, 8x8 pin cell
resolution)

1 SC18C:the SC18A model using a critical spectrum in depletion calculations
I SC18D: the SC18A model high using ordescattering (Pn=3).

Results using these models are plottedrigure 4.114or the 70% void fraction case. The
largest differences are observed between SC18 and-G@iddels.Figure 4.114shows
that the TRITON/NEWT transport solution options can chahgedsults as much as 250
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pcm for the same model. Although not as large as other contributing factors, the observed
differences likely contribute to some of the variations seéniguare 4.113

Figure 4.114 Comparison of ORNL SCALE(TRITON/NEWT) kint results at 70% void fraction in 7-14
GWd/MTU interval
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4.9. Effect of nuclear data libraries

Nuclear data refers to cross section, fission yield and decay data in depletion calculations.
Crosssection datareused in transport calculationshile fission yield and decay data are

used in depletion calculation$he dfect of data libraries orkins or predictednuclide
concentrations is difficult to evaluagiven thatdifferences in transport solvers and
modeling options also cause significant differences in results. dl@re crosssection
processing and deterministic solution options (i.e. spatial mesh, quadrature order) can also
change depletion results considerably.

Results from the same depletion code gsgilifferent libraries or results from different
depletion codes using the same libraries can help to identify contributions from different
components of depletion calculations to observed differencesiinor nuclide
concentrations. Therefore, multiplede submissions from institutions are invaluable for
this benchmark.

Results of KENOREST codes using different crssstion libraries are shown in
Figure4.115at 40% void fraction. As discussed$action4.3, KE2 (JEFF2.2) results are
separated fronKE1l (ENDF/BVII) and KE3 (JENDL/AC) by more than @00pcm
difference. Furthenore VESTA results Figure 4.11% show that differences in nuclear
data libraries have more effect on thgresults than differences in MC transports solvers
(MCNP6 vs MORET). VESTA results (VE3P, VE4P) using different MC codes with the
same crossection library agree well (~100 pcrwhile VESTA results (VE4P, VE5P3)
using the same the same MC code with different esestion libraries differ more than
~300 pcm irkins.
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Section 4.4 provides an overview of multigroup libraries and trends seen in the
deterministic results. The effect of new versus old generations of libraries can be seen in
Figures 4.11 and 4.12Vhen variations in the results of deterministic codes areiateal

with and without inclusion of results using ENDRBand ENDF/BVI libraries, a large
reduction in 3 (1 300pcm vs 350 pcm) is observed.

Figure 4.115 KENOREST kint results at 40% Figure 4.116 VESTA (predictor only) kint results
void fraction at 40% void fraction in 6-14 GWd/MTU
interval
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While not as clearly identifiable &gy differences, and difficult to group duettte use of
mixed/corrected librarieghe effect of differences in nuclear data libraries can also be
observed in calculatenliclideconcentrations.

Comparisons of**Gd concentrations are discussedséction4.5.1in detail. In general,
codes using JEFF liries predict lowet*Gd concentrations compared to codes using
ENDF/B libraries. Although differences in KENOREST calculatedlideconcentrations
are seen in many fission products, the most significant differences are obse8chin
concentrationsKE2 (JEFF2.2) predicts 6% higher concentrations than KE3 (JENDL/AC)
and KE1 (ENDF/BVII.0) codes at peak reactivity. Furthermore, codes with different
transport solvers (MC and deterministic) using JEFF3 libraries predict I&R&m
concentrations thartloer codes.

Concentrations of**Sm calculated by KE2 and CA1 exhibit a different trend with burnup
compared to trends seen in other results. Both codes use JEFF2.2 (CA1 library is a mixture
of ENDF/B-VI and JEFF2.2) libraries. Similar agreement betweéd @nd KE2 results

are also observed in concentration$®df at all void fractions.

1%%Eu is another fission product that shows clear grouping in the predicted concentrations
based orthe crosssection library. Concentrations calculated by HELIOS, SCAlrid

CA1 using older libraries (ENDFA, ENDF/B-VI and JEFF2.2) are 40% lower than the
concentrations calculated by other codes at peak reactivity, and a significant bias between
the results of these two grouigbserved.
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5, Concl usi ons

For this report,the results of 37 submitted depletion calculations wéreroughly
compared and thelattice average actinide and fission product concentrationghaend
spatial variation of*Gd and'®*'Gd concentrations in gadolinia rods with burnuere
analysed.The datistics for analyseduclide concentrations an#lis are provided as a
function of burnup and void fraction. In these analyses, several submsgm®removed
due to suspected input errors in results Wexeout of trend.

Although results generatedtivithe same depletion code tend to show agreement, trends in
nuclide concentrations ank,s with burnup show that results are more often correlated
based on the nuclear data used in calculations. However, more specific conclusions based
on nuclear data arnot possible because of other #lilmnary parameters that impact the
results as well aghe use of mixed/corrected cressction libraries and different fission

yield libraries.

When all code results are considered statistics at 10 GWd/MTU (appxonate burnup

at peak reactivity for all void fractions) show that the maximum relativés 2.33% at

70% void fraction. When results outside tlseldaind are removed, the maximum deviation
reduces to 0.61% faontinuousenergyMonte Carlo(CE MC) code rasults.The deviation

in deterministic code results is around 1.02% when results outsidesthmitl are
eliminated. However, if the results with earlier generation esestion libraries,
ENDF/B-V and ENDF/BVI, are removed from statistics, the maximstandard deviation
reduces to 0.50% for the deterministic codes. The CE MC codes only used modern and up
to-date libraries.

Higher relative and absolute standard deviations in MC code results could be due to:

1. The large number of submissions using MG SCAlddes which can lower the
standard deviation due to agreement among the same code results.

2. Apparent convergence issues in some MC code results.

Oscillations inkins results with burnupas seen ifrigure4.8, are indications of unconverged
kint solutions. Considerinthatkinsis an integral parameter which is expected to converge
fasterthan spatially varying quantities, i.e. pin powers, ringibg nuclideconcentrations
etc., the effect of an unconverged solution can be more significant on the caloulzige
concentrations.

Standard deviation in peak reactivity burnup also increases with void fraction. The
maximum difference in the preded burnups vés from 0.5 GWdA/MTU to
1.25GWd/MTU.

Gadolinium isotope concentrations in gadolinia rods were analysed in detail. Because of
their large capture cross sectid®Gd and'*’‘Gd are the most important isotopes for
calculations up to 1&Wd/MTU. At peak reactivity, relatives2standard deviations in
15%5Gd and™®’Gd concentrations are 44% and 21%, respecti@Gilyen that theapture cross
section of'*'Gd is four times larger thathat of ***Gd, most of*’Gd is depleted at peak
reactivity. While the highesabsolutestandard deviation it?’Gd concentration is observed

at 2 GWdA/MTU, the highest relative standard deviatiot?1@d concentration i60% and

is observed at &Wd/MTU. Large sensitivity to void fraction is also observed imdtad
deviations.
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The patial variation of**>*Gd and**'Gd concentrationsvere also analysed. While the
largest standard deviation in the results is observed in theriosting (ring 1), the largest
relative standard deviation is observed in the mididigs. Increased standard deviations
around peak reactivity {80 GWd/MTU) for'**Gd and*>’'Gd concentrations are consistent
with increased standard deviationskin

The smallest variation in actinide concentrations is observé®un Relative standd
deviation in?%®U concentration does not exceed 0.07% throughout the deplé&tfon.
concentration shosvthe largest relative deviation (2.2% at peak reactivity) among all
uranium isotopes. Standard deviations?iJ and 2*U concentrations exhibit similar
increasing trends with burnup. At peak reactivity, the maximum relative standard
deviations are 0.56% and 0.88% f3tU and?**U concentrationsrespectively Unlike

other uranium isotopes, the largest standard deviatiéiu concentration is observed at
0% void fraction as opposed to 70% void fraction.

ZNp, Z2%Pu, #%Pu, »'Pu and?*Am concentrations show similar relative standard
deviations with therelative standard deviation around @f#peak reactivity>%Pu (13%)

and *Pu (10%) concentrations have the largest relative standard deviations among all
actinides. A decay time offive yeas does not change the statistics for actinides
significantly. Removing results outside trget2and reduces the standard deviafior >>°Pu
and?'Pu concentrations by half.

Samarium isotope concentrations, especidigm and®'Sm concentrationshow large
standard deviations. Relative standard deviation“’Sm and'*Sm concentrations are

1.2% and 4.5%, respectively. Relati standard deviation of*°Sm and *Sm
concentrations are around 10% at peak reactivity. The largest relative standard deviations
are observed il Eu concentrations (26% at peak reactivityhile **°*Eu also has the
lowest concentration in all analysésision products.
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Annex B. Results from all participants

COEC ) | GSEC ) | 26¢C || GCad b | ELCC V| 6ECC || 09CC || BGCC b | V6CC ) | CVECT) [B6LC ) | SEEC ) | 9GEC ) [ E6LC 1 CSIC | |EOLE L [BEICH | 63LE L | PRIC 054
¢9CC )| GIgZ) | 062 )| a8le) | ceed L | 961 ) | 0ded || Gled ) |6ked ) | JOEE) [99ke ) | v6e2 ) | vLee ) [ ECLe} | GHIZ L | FO0E) [BGLEL | 62LE L | vOLET} G2l
sle b e L [Eled b | prig b |06 L [esie ) | 22V €L L [ 0bed ) [ 2922} [GELe ) (0922 )| LALE L) LIS V| 8L02) | €202 ) | BLICL| 6802 )| 2902 ) 004
ELICH|GCLE L[ FSICH LOLEE | OFIE L BO0LE b | EEVC | bELCh [ VLS | PCCE ) [ 9802} [BICC || 9ChE } | 6302 || HPOZ) |€86) || LL0C L | V0T ) | E20C | 6.9
8¢1C) | 58021 | 9LIC L 8G0ZL | C0LZ L |¥90C ) |880C ) (060 L | ChLE L 8212 L [2POC )| OLIZL | 1802 L | 2202 ) | G002} [ PPEL) | 9E0Z'L | 9002 | [ 2861 ) 059
€802} | ¢v0C ) | GL0C 1) G102} | 890C 1| 0C0C b | EVOC || 9F0C L | G902 L | EELEL [ 2661 ) | SChe ) | ZEOCTL [ 9861 | ) 6964 || FO6L ) [ 9661 L | 9361 || EFEL ) G¢9
L8027} | 6661} | 6E0C L) €261 1| SLOC L) 2461 )| 6661 || €00C || €202} | 980C ) [SG61 ) | BL0C ) | ¥661 ) | 9¥6L || GEGL || 9981 ) [ 9561} | 96} || L06) ) 009
26611 | 28611 | G661 L) OE6L | 2261 1| GEGL L | 9661 | | 6G6L L | 62611 [ 8E0ZL[LI6L L | EE0Z )| 1G6L L[ J06L L] LOGL L 6281 L[ L1611 | 2881 1] 0/8)L ) 6/G
6¥6L L] ZI6L L[ SS6L L) 688 L | LEGL L[ V6BL L | FIGL L) 9L6L L | GF6L )| P66L ) €981 ) [286) 1| 6061 b ) 698 || 698L )L | 2641 L | 088L L | 8F8L || GEGLL 059
90611 | L481') [ 22611 | BFBL'L | 6881 L [PGBL) | €481 L | 0881 L [ 0681 V| ZP6L') [ PEBL L [ L¥ELL | 8981 V| ZEGL L | LEBL L | 2GLL L | EF8LL| LIBLL| 0081} Ge's
79811 [ 8E81 1| 4981 1 608) 1| 6¥8L L |GIBL L | ceBL || GFBL L 8G8L 1| 106L L[ 1821} G681 ) 6281 L[ GELL 119081 L | EELL ) [LOBL L |GV 1|89V 006
€811 10081} | SESL L OLZV L 0MBL V| LLLV L €640 | S08L L | 6L8L 1| 2G81 L [EFLL ) | 6F8L L [ O6ZL ) [ 094V V1 L4401 889 b [CLLV L | OVLV L] SELV SlY
8LV €9LLL | OBLL L) ZELVE | LLLV L ORZLL | SGLL L 9920 L | 182V L[ 2181V {2041 | 6081} [ 2621V [ 9220 4 | LhALL | GGOL'L [BELLL | 9041} | €0LLE 0S8y
PRLV L 92V L [ ZGLL L GEOV L | EELL L IVOLL L | 8LLV L | €ELL L [ 2LV V[ €22V (G991 [BIZL L[ 9LZL L) 269V 6LV €291 L |90 L | €491 L E291) Gy
90LL K LBSL V| KELL L 6G9V L [ 9691 1| 6991 1 | 2894 ) [ 6691 L | GELL L[ CELL I [OEIL L [ VELLL {089 1| 0994 L | 1694} [26GE} | GL9V L | 0L} [ PFOL) 0oy
699171 | 2GOL°L | 2891 L vCOL L | 0991 L | PEOLL | APOL L | 99V L | L29LL | 6691} [26GL ) | €691 ) [ GFOLL [ 8291} ¥O0L L | 2961} [ ¥FOL'L | 609 1| GLOL) G/¢
CEOLL I FE9L L | EGOL L1 06GL 1| GE9L L LO9L L | ELOL L 9E9L L | 2Pl L [ 6691 ) [€9GL L [ $GOL L | LIOLL [ J6GL ) 8EOL || CEGL)L [FIOL L | 846G || J8G) ) 0se
96511 | 16SH L | 2LOLH) 9661 L) 086G 1| 89GH 1| 64GH L €090 L | 609L L | vESL L [L2Sh L | Z29L )} | L2GV L[ 2961 Eha || 20SH L [ ¥BGL L | 8VGL 1) 0961} Get
9GL L1 6GGL) [BBSLL | €261 L) 9GGL L [9EGLTL | OFGL L | 0LGLL | LBGL L] 16GL'L |86FL )L [GBCLL | GPGL L) JEGL | Z8GL L | WibL L | GGGLL [ 8LGLL | PEGL) 00e
LeGLL | 8261 ) [ GGGL L 06FL L | €2SE L {SOSE L | PIGLL | bpGLL | PRGL L[ €9GL') [69FL ) [09GL L[ 2161 1) BOGE | 29GL ) |9FpL L | LEGL'L | 06¥) )| 90G) | 6le
€6FL L | L6FL V| 9CGH L 8GPL L 06FL L | PPV L | €8FL L [EVGLL | PEGH ) [6ESH L [CPRL L | ZEGH L [ 1BPL L 64FL V| BEGH ) [BIFL)L | 66FL L | 1OVL L[ E8FL) 0S¢
09%L L | 29F1 L | E6FL L) LEPL L JGPL L | ERRL L cGhL L €8PL L 08FL L[ LOGLL [BLFL L | 86FL L [ 6FFL L[ LGEL L FIGLL | LGEL L [ 24P L | EEFL L) LGFL Gee
LevV LI ZERL L [ WOVL L 96EL L | 92l LI ELRL L | cevl L €GhL L | OFPL L bavLL [26EL L | 6OYL L [ 6LFL L EERL L] 068 L | FPOELL [9FFL L | S0FL || EERL L 00¢
VEEL L | Z0FL L | SvPL L GOEL L | VBEL L EBEL L | COEL L | vEVL L | LEVL L 9FFL L [L9EL L | PPL L [ BBELL [ GBEL L 99V L | LEEVL [0CFL L | BLEL || 60F) ) SLb
EOELL|BLEL L[ LOVL L GEELL | €9EL L[ PSEL L | E9EL L | C6ELL [ 00FL L 02FL) [BVEL L [9LpL L[ BSEL L) ZOEL L EPPL L |OLEL L | P6EL L | LGEL L] 98EL) 05}
CECL V| GVEL L | Z9EL 1| 90CL L [ CECL 1| 9CEL L | EEEL L [PLELL | PIEL ) | J6EL L [6CEL L | GBELL [BCEL LI OVEL L | OCFL )L [FBEL)L | 6IELL | FEEL | [CIEL) Se'l
COEL L LCEL )| OPEL L BLCH 1| SOEL 1| 00EL 1| SOEL L €GEL L OFEL L 9LEL L[ FIEL V| SLEL L [00CL L [ FIEL LI 66EL || 09C) ) [SFEL L | B6CL || IFEL 00k
LIZVL 9621 ) [ ELEL L EGZL L 0821 L 642h )| 18EL || OEEL L | €EEL L | JGELL [P6EL L | PGEL L [GLEL L [ L6EL 1] 08EL | |BECL ) [ ZEEL L | GLEL || 22EL ) 6.0
6621184211 | Q0EL L) 9ECL L €9CL L | bACH L | €9C) L | BOEL L | 66CL L | 9VEL L [L8EL L | VEL L | 9GEL L [ GLCL )| 8IEL L | ECCL ) [ SOEL ) | BGCL || 6OEL ) 050
LSZVL 9221V 16TL L GETLL | 29CL L6421 ) 292V L [PLEL'L | V6ZL L] LGEL'L (621 L | 6FELL [ FSEL L | GLZL L | LLEV L [ FEELL | FOELL | 9GZL L[ 0LEL') G0
04211 |98EL L | PLEL L 6PCL L GLEL L9621 ) |91 )L [BLELL | 662) )| PLEL L [GOEL L [ OLELL [ POZL L | 2BE) V| GBEL L [ZECLL | LIEVL| J9Z) ) [ L2EL) 0Lo
CYShh | 8961V | €8GL L €CGL L | 6FGH L | 19GL L | €SS S1GASE L BFSLL [VBSE L [6Y9L L | 6EGL L | €951 H ]899V L [FISL | 96SH L [ GPSL Y| V9L 000
9108 | GIOS| ¥IOS| €LOS| ZLOS| LLOS| 0LOS| 1OS| LOW| €3X| Z3aM| 13M| ¥3aH| €3H| Z3H| 3H| IYO| Id¥Y| L1V ﬁ:h_ﬁwﬂ-ﬂ

(/1) uonaely pIoA 9,0 e siuedidied e wolj syNsal iy T'g s|qeL

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID



106 | NEA/NSC/R(2022)BCORR

26V 1| V8vL 1| 6OVE 1| O0Ph b |CHGh L | BO0GE L | €5V || LOVL || B8FL | Z4Gh | |25C) 1| 26vh V| Z0G L] 29Fh | |66¥h 1| vZvh § | Z2¥L || 62FL b | 69 ) 0002
¥GL'L | 2651 L | G951 L | @8YL L | ¥9GL 1| 1OGL )|GOS (255K k| O¥SL L | 2951 ) | 20vL L | 1SGH L | 2GSV L | 265K ) | 068K L | Esvh L | 2251 [8bL L | 1ZSK 056}
9651 1| €85 1| G10b 1| 6654 1 [GhOL 1| 2hok 1| 2651 1 | G09y | 16Sh | 9101 v [2ov 1 865k 1| 200k 1| 285 1 (0008 v €eGh 1 | 8251 1 | 82Sh 1| 6LGH ) 0061
V0L 1 | vE9) 1| ¥GOL 1| 16k 4 | 9994 1| €00k 4 | 60OL ¢ | GGQL | VL | 9901 | |60GH 1| £GOL 1| 8501 b | 2694 + | 0G94 1] ¢ZGh 1| 829% | 82k | Gl § 05 8
00Z1 1| G89% V| €120 1| 2vab b | 2620 4| PLZL L] 490V Y | B0ZV | 0B9L | 9421} | vaSY 1| Z0ZL V| BOLL b | £89% | | VOZL V| 229) ¥ | 6284} | Z29% } | 249% ) 008}
ZSLV V|6V V| 294V L | ¥BOL ) |89ZL L | ©9ZL 4 | SNV b | 8SZY b | OvZV 4| SOV} |Gh8Y | | GSZL b | BSZL b | C6L) } |2GAL V| 2Z9) ¥ | B2LY b | 249V } | BZLL b 0521
N N N N N N N N e N N N i T 002}
9G81 1 | 5EGL V| VOBY 1| Z6ZF ) |0/84 ) | 698K+ | BI81 Y €981 | | ¥S8Y L | 2Z8V } | 2121 V| B30 V| 098V V| ¥E8) | [£G8L ¥ | ZZZL ¥ | bEBV )| 22V )| GeBl ) 0991
606LL | 168L L | €161 L | 6¥1 L | 12611 1264 )| 02847 [ PI6L || Q06L L | 126110221} |GOGL' | 1BL L | G8BYL | ¥OBL | |Z28) L | 2881 L | /281°) | J681 ) 009}
1961 1 | €v61 1 | 6561 1| 2061 1 [2261 1| €261 1 | €264 1 [G964 1 | €564 1 | va6L k| €281 1| 0061 | €964 | G651 1 G961 1| 2281 1 | vesl 1 (8281 1| V6l | 09
PL0C | | V66) 1| GCOC b | ¥S6) b | P20Z b | GCOC b | G261 b | 4202 b | OLOZ b | v20Z b |G28K b | ¢hOC b | VIO b | 9851 1 | B00C 1 | 6C6h b | G864 | 8264 b | £66) 006}
9902 1 | V02 || 950 ¥ | 9002 ¥ | G202 v | 8402 b | 8202 b | 2202 b | £90C v | 6202 b | 626b + | 2902 b | G90 b | 2602 b | 2502 b | £26b ¥ | 2602 ¥ | 665 4 | OVOC b 05 ¥}
BI1Z 1 8602 4| bZLC 1| BSOZ b | ZZb2 1| OELZ b | VBOZ ) |SZIZ b 1 BLLZ b | BCZ b €881 | |GhLZ | OLLZ b | 8802 || Z0LZ V| ¥Z0Z 1 | 880Z } | 6Z0Z | | B60C b 00 vl
ZLVZ ) 0S4Z 4| 6OLZ L | BHIZ Y [BZVZ 1 VBIZ S| CEIZ ) |90Z | OLIZ V| €BIZ b | 2802} |2LIZ b | Z9VZ V| BEIZ || ZSHZ V| VZ0Z 4 | BEVZ | |BL0Z b | VST b 0S €l
222V | V0ZZ V| B2ZC b | 2912 ) | 8222 ) | 262 ) | 9BIZ V| VEZZ V| 4222 V| 1522V |8B0Z V| €222 V| BLZZ b | 6812 ) |902Z 1 | €242 ) | 0BIZ V| B2 || E02Z b 00¢}
GJZZ) | \Sez L | elze L | €122y |8IzT Y | 2eee ) | 15221 | €822 ) | BizE v | 1822V |eviZ ) |C12 ) | R0eT L | 46221 | S52T L | MNE L | 6622 8102 | £5ET 092}
Geee 1 | 008 1 | vese v | eace v |9zee v | 0see b | 2822 ) | veee | wese b | 6ece ) [9642 1 | 8zee 1 | o1ee 1 | veee 1 [96ee 1 | BLee 1 | G822 1 | Geee | 66et ) 002}
CLEC V| SVEC V| OLEC V| 2082 b |OLEC V| PISC V| VEEQ b | L4ST b | CAST b | 4850 ¥ | WW2E b | L1SC V| 095 b | 9282 | | SEEC V| BGCC b | 2252 b | 8922 b | Cvee b 05 1)
VIVZ | | GBEC || BOVC b | ZVEC | |BOPZ 4| OLVZ b | 9262 b |BLVC 1 | ChVC b | OBVC b | 6822 b | SWE b | 865C b | bOEC | | VOEC | | 8822 b | £96C b | 00€C b | PIEC | 00 11
8YPZ ) | GWWZ || ZVVC L | B26C V| BEVZ || EVZ b | BOVZ ) |OSKZ || ZVVC V| L9VZ V| 220 | | £SVE b | BCVZ V| 9882 )| Z16C V| 0LEC b | 2862 } | 62 b | GBEE b 0501
BOVZ | | ZEVC || SSVZ L | LBEZ b |SSVZ | | OVVZ L | OEVZ || BOVZ | ¥OVZ | 0BVZ | | BYEZ | | VBVZ b | V¥¥Z b | 2662 | |BLEC | | BLEC L | BBEZ | | 0SEC b | BBEL b 000}
GIVZ ) |GEVZ | VOYZ L | WOVZ V| JGVZ V| LYWT L | YOVZ ) | POVZ | OLVC V| BBVZ | |GGEC | | 0BYZ b | SV¥Z b | 9BEZ | | S/6C V| GLEC b | 8BCZ 1 | 2G62 | | POET b 56
SIVZV | SEVT L | MIVT L | 00VZ') |GSVZ 1| CVVT L | YEVZ) |BSPZ L | EAVZ L | 20ST') |9SEZ L |26V ) | FYRT L| 1BEZ ) | S9ET L | BOEZ L | £6EZ L | 0SEZ ) | ¥BET L 096
VIVZ'L | JZVT L | ¥OVT L | VBEZ L |GPVZ L | VEVZ L | 6262 ) |BYPZ L | GOVZ L | 9BVZ | | VGEZ L | JOVT )| JEVT L | VBEZ | | BYEZ | | 96ZZ L | 9EZ) |2VET L | BOET ) 76
VOVZ L | OWWC b | 8VPC || vREC 1 [BEVZ 1 | 0gve b | 64b2 ) |46V V| LSVE L | 182 ) | evee L | 28ve b | Geve b | 2982 V| 2eee b | 182E b | 6982 1 [ 1682 1| LVEC ) 006
LYV V|00V V| CEVC b | 69EC b | 22VC V| VOVC b | VOVZ b | OVWZ | 6EVZ b | 92VC b | 0SEC b | GOVZ b | BOVZ b | 8VEL | |OLEC || VOZC b | 0SEC b | PREC b | LS b 5.8
1ZVZ V| 0BEZ 1| BOVZ 1 | BVEZ ) | WOVZ ) | L1EC ) | VBEZ V| GBEC || 0ZVZ b | 09¥Z ) |ZVCC | | BYVE | | 9BEC | | G262 | | ¥BZZ | | 96¢2 b | 8262 b | £622 b | €62 ) 098
COVZ | | 9SEC || 16EC | | VZEZ | |SLEZ | | BVEZ b | 0962 | | SOEC || ¥BEC | | VEVZ | | 0BZZ | | 9ZVZ b | 0952 b | 8522 | | SSZZ b | BOZZ L | WOEZ | | 8922 § | 0922 | w8
VIEZ | | 9260 V| GOCC 1| GBCZ b |GVEZ ) | OKEC ) | WOEZ V| VEEZ 1| WOSZ b | BOVZ | | VOZZ V| JOEC V| 06EZ b | 9922} |€222 V| 8/LC L | 0422 b | BC2Z b | €222 b 008
OVEZ | 2622 1 | 62621 | 29221 | V€T | B2z ) | 96221 | 9622 | | 2662 1| 0862 ) [2622) | 0962 1 | 5622 1 | 16221 81z 1| iwiz L | Se2z L | G02z ) | SRz 61l
(v/2) uonoey PIoA 940 1e sjuedidired |je wouy SYNSaI Uy 'z g djgeL

BURNUPCREDIT CRITICALITY BENCHMARK PHASE IID



NEA/NSC/R(2022)8CORR| 107

WL | 00EZ ) | #FE2 ) |GLEZ'L | LEEZ ) [ €262} | 9822 ) | FIEZ ) [ 29€Z) | GEEZ ) [9EEZ| |£0ZZ ) | LEZZ ) (€422} | GZET ) [06ET L | 12€2°) [ GOEZ ) [6LETL | LEET ) 008
VSTV | 922 | 60€2 4 | 0822 1| 062 ¥ | 8622 V| 8522 1 | 6182 4 | €662 1| VOB ¥ | OCZ 4| 892 4| Z612 ¥ | BLIZ 4| 0BG V| LGEZ v | VEEC V| LLCC V| 282 V| 8622 oIl
YOI 8222 V| 1122 b | Lez V[ V922 V[ ©SC V| Ghee b | he b | 960 V| €922 | G922 1|62V V| 0912 b | OFbZ || 252z b | 61EL V| 262e || vECZ b Evee v ] 0922 | 052
BVCY | 8812 V| 2622 V| 6022 V| Seaz b | M2z b | 2LVe V| VOZZ b | VSTZ | | S22 b | VEee ) | 6902 ¥ | 02He b | 00VZ || 0VZ b | 822 1 |8VEz b | Poke b | 0022 b | 0622 b 4]
VW2 [ LVVC V| ¥BIZ 4 6962 | €812 4 |2LVC V| 96K 1| 812 4 |0422 b | BLIZ V| 18IZ V| LVOZ V| 8L0C ¥ [8S0Z V| LOVZ ) | VECZ b 10CZ V| €S2 b [9GHE L] LLVE 004
G0CK [ C0VZ ¥ [SHIZ Y |22he )| Zhiz b [ VEVZ )| 8B0C Y| vHiZh [SOIZ Y| VERZ ) | ZEV2 )| 9002 )| 9602 ) [GHOZ || €2k ) [684Z L |VSIZ L] 0L Y |Zhz )| ZEN2 ) S8
9911|090 § | 8602 4 | 0802} [ 204 b [ 1602} | SHOC | [ 9202 1 [OZVC | | 6BOZ } (2602 4| G961 | | €661 } [CL6) )| 8L0C 4 | CkIC L | 2002 )| L90Z } | 8S0C | | 880C } 0s9
€201 81021 | 1602 Y | 8602°F | €024 | 1G0Z L | 00C Y | J202 4 | pA0Z Y| GPOZ ) | 8¥OZ L | b26 +| 1G6H + | 0B6Y'Y | ¥EOZ ) | 9602 4| 0902'F | G202+ | v20Z 1 | E¥OZ ) @9
9/01 {9461 1| G1OZ L [G66L L [€10Z 4 [140CL €261} [ 8864} [OE0Z L[ L0OZ } | ¥OOC L | 881 | (6061 } | 6881 L | 1661 } | 1GOZ L | FI0C | | €861 } | 2864 L | 6661 } 009
8201 | GESY'Y [ 0461°Y | £G61°Y | 14614 | 0614 | 1O5K'Y | OF6H Y |9B61°L | 8061 4 | 1961°L | OvBI'Y | 8981Y | 6v8K L | 8¥6H ) | GOOZ || 6961+ | 6k + | Ov6H L | 006K 5LS
P66 | ¥681 | [ €61 1 | 8164 | G261} | 9E6) 1| 988) || #061 b | €F6L 1| 9161 1| 61641 | 808} )| 6281 1 |608L 1| L0SL || 1961} | GZ6L L | LOBL | [ 0061} | FI6L 0SS
8¥5 G081 Y | 1681+ | 8981°Y | 0881°) | 2681°) | JGBI'Y | 6981 Y | 4OBK Y| G/BY Y| 28V) | 1AZVY| 06LVE|b2ZVY | 098V Y | 86K L | £88IY| 2981 Y | 098K'L | €481 S
688 | ZIBL | [ZVBL L | PEBL L [€GBL L | BSBL L | Z1BL )| 6281 4| 098 L | SEBL 1| Z€8L L | GELL V| CSLV L | VELV'L | L28L L | 9280 L | MVBL'L | v28L L | 2281 L | 2E8L ) 006
SSB6441°Y [ 908KV | J6/V°Y | LI8YY | GZ8YY|6//V'Y [ 48/V°Y | 128Y'Y | 96/V°) |8621°) [00/V'Y [ GHAVY | 2691°L | 8841°) | vE8YL 008K} | 9821°Y | GB2VL | €641 oLy
108[€vLV V|22V Y |29V Y| €40V )| 06V Y |8YLY V| SSLV Y |Z8LV Y| 8LV )| 09V Y |999V Y| 649V ) |299V | VLV Y| W62V | V9LV L] 0LV ) [6VLV Y| SSLL] )
BLL{J0LVV[VELVY | V2LV V| OFZV L [ 2620V [90Z1 ) [8EZLY [ vPZVV |22 Y [2220°L [SEL L €POL ) [ 229V V| #UZV Y| BG2V L1224V L | pLIVE [ PRZVL[8LIL) @y
€L €49V V| 8694 1 | 6891 | S0LV ¥ | 9LV Y |89V V| S89V ¥ | ZOLV'Y| 989V ¥ | 989V'L | V09 +| 609K ¥ | VESK || 649% | GhV L VB9 ¥ | 691 4| 089 || 289k ) 0y
V€| 6EOL 1| 0298 4 [2GOL') [GOSL | (96911 |GFOL | [ LGSE | [ 12911 | LGOL § | 1GO'L [69GH ) | 92GH | [09GH L | #5OL 4| 22901 [8FOL L) O¥OL 1 | 2PQL L | L¥OL ) GL€
Lo A T T T T T T S T T T T 2 L [ A T T 0se
GBY | #2GL 1 (0191} | 88GH') [96GL } | 0E9L 'L | #8GH '} | 88GL 1 | 2094} | €8G1 § | Z8CH 'L |80GH || ZIGL b |G6FL 'L | 2461 | | ¥09L'L |92GL )| 08GL | [ £8GH L | 6461} Ge
I B 7 T T e e e e T s T o N e T e e T AL 00€
999 [ SIGH ) [ ¥PGL L | 226V} [ ZEGH L | Z2GHL | #2GH )| 02GH | ZEGH L | 6UGE B | ZIGHL 0GP} | 6FPL L | GEPLL| PIGL | PEGEL |80GH L | ZIGE | [£2G1) | FIGH) Gle
999 [ ©8P1 1| FIGK L | 96VY F| Z0GH Y| GYCLY| WOGY ¢ 96V ¥ | GOGK'Y | Z8FL | 98VY L] 12vh s | GLbL L | 90V L] ZBYY ¢ 00GKY | GZbY Y| Z8VY ¢ | E6v) Y| £aPL ) 052
5G9 | £GFL L [ #8FL L [ 1OPLL | GapL b [OUGH L[ GOPL L | 2P L [S201 1| OGRE L | ¥GPL L [6EL°L | 68EL } | Z2E1 L | 2GFL 1 | 99FL L IZFPL L | ZGRL ) | ¥OPLL | 2GFL ) 44
P 2 T I e o R o o o o R () e 002
E9(96EL° 1 [ ZIFL L | 1OPLL [ FIFL L] IOVLL|OPLL | Q0FL L | ip'L | 96EL | €6EL°L | BEELL | OEEL L |OZELL | 2681 S | 1OFL'L | 82E1 L | L6EL ) [ BOFLL | Z6EL | A
089 [ 89E1 V| VGEV Y | 0BEVY | 68EV ) | 9EVY )| 9BEL ¥ | VBEV Y | bBEV Y| 996V )| SOEK L | bVEL Y| LOEV ) |262) )| S9EF ) | 696k | ZVEV Y| 896V )| 18EVL ]| Z9EL ) 0t
169 0¥EL ¥ [ 8SEV [ PYEV || LGBV ¥ | JOV) V[ LGEV || VOBV ¥ | 2SEV V| BEEL ¥ | VKL | VB2 V| 24Ch ¥ | VOZK | VEEK b | BEEV Y| VEk | 6EEL b | VOEL || EEE) Sy
BLL[GLEL Y [ 96€V Y | PZEV Y| 82€1 4 | BZEVY [ GZEVY | GZEN Y | b2E Y | OVEL ¥ | 906K Y| 6921V | GVeh ¥ [ 8624 Y| QOEL ¥ | BOEN'Y | 682K | LIEL b | 62Eh + | GOEL 00
ZrL[ 1621 V| 0Z€4 ) | €0EV Y| Z0BV ¥ 951 ¥ [SOEV 4| 00E ¥ | 8621 1| 9824 4 | 182V L | 9621 ¥ | 022b ¥ | Pheh || 282k 4| 182 v | 992k )| 982k b | J0EV'Y| 1821 ) 520
€LL[9/2V'V [ VOEV'Y |982V') | €821 ) | ZvEl ) |62k +| 8821 ¢ | 082V ) | 892K ¥ | 292k} |02Zh b | LOZk b |S6hy )| P92k Y |29k ) |€SZh Y| 892V ) | 162k )| €92k ) 050
€8L|CLCV | [£6ZV L | 622V )| 822 b [Z€E) ) |88CH || LBZ) b (8221 1| G9C) 4| 0921 L |0ZZH b | 664 b [ KELL'L| €9CL J|6SCL L 09Z) 1| S9C) } | 88C) L | 29¢C) ) 4
20868211 [LIELL {6211 0621} [B8FELL | COCL') | GHZL L [26Z) )| 08Z) 4 | €220 [ PE2L'L | ZTUZ) ) [ 90Z) L 9224 | 12ZV'L 9221V | 62211 | 90€LL | 8/21) 010
0E8 [ GOGL | [C8GH b | BGGH | [89GL } | €€9) | | 8LGH || 2261 1| 99G) || GGSL 4 | 8FCH L | 80GH | | €8FL 1| 08YE L | CGGL | | €PCH L | BEGH } | LGS | [ 68S) | | €661 | 000
E.M, Bay| €3n| Z3A| 13n| wms| z3s| 135| 60s| 0S| 0S| 90s| <OS| 0S| €0S| 020S| Z0S| 610S| 81OS| 4108 siha.m

(vr€)

uoIo®.I} PIOA %0 Te siuedionied |je woly s)ynsal ¥y 'e'g a|qel

BURNUP CREDIT CRITIGLITY BENCHMARK PHASE IlID



108 | NEA/NSC/R(2022)BCORR

C18 C4PL L [ 00G) L [89PL b | E6FL L | OPGL L GvpL L VOVL L[66FL 1| 6ZFL L [9ZFL L 8CVE LI EOPL L S8EL L[ G2PL L 9IGE L | 6450 b E2PL | E9PL L (€SP ) 000¢
818 #2541} |2GSH L | S2GL ') [8€SH 1 002 L | HOSL L [S1GL L [0SSH || 0ESH b [82GH ) [82VE ) | €SKL} | SEVE 'L [9ZGH } | 9SH | | 18GH )| WS} |SISH 1| 50S) ) 0561
€18 S2SLL 2090 L) 250 1 6850 | 8vaL L[ 9650 L G961 L[ 091 L[ 18GE L [6/GE L[QCGE LI €0GL b 98pL L 22GL L 12081 L €E9L } w2GH L | 2950 | 2661 ) 006}
£28 9291} | 7901 L [SZOM b [2€9L ) |66 1| ¥OOL L |SLGL L [¥SOL L | €04 L |OESL | | 82GH | ¥SGH L | SESHL | 8291 L 899L b | ¥BOL | GTOL | |BIEL L |608L 0581
JC8 12290 V120211 | 82901 | #89L ) (B2 L [0G91 ) | 0001L |GOLLL | #8C1L [Z8C1') (62917} | #OGL) | GBGLL | 6201°) | 0Z2L L | 9CZLL (9291} | 12GL L [ 190L) 00 81
ZEB BCLL'V [ ZOLV ) [SELV b | 2L L |COBL L | COLL b | WCLh L [SGZL V| BELL L [CELL 'L | 6290 ) [ SSOL ) 9EOL L [OELL b | b2ZL V| 88LV | LTIV} |ECLL L [SLLL 0521
0p8 080 L EI8LL [SBZLL (86211 [2681 L | ZG2L L [F221L[OMBLL| 2821V | S8V [OEL1) [ 9021} 9891} | Z8LL) €281} | BE8L} 8L} | GALV'L [GOLL) 0071
8¥8 | 1E8L°1 | vO81 | | 6EBL | (8681 L [£06) 1 (2081 L |GC8L 4 |Z981 L | 6EBL L [9E8L L [0BLL) [ 2G4V} | 8LV )| €EBL ) G281 ) | 1681} | 6281 | |8C8L b 8181 0sel
9r8 2884 L 2161 L | 26881} (2081 )L | ¥S61°L | 2GBL L [088L°L [FL6LL| 2681 L [8881 ) [1E81) | 8081} 8841} [S88LL 9261} [ SvBL ) 088LL | 0881 ) |0/8) ) 0091
CvB VEBL | [E261 L | 6E6L L | 2661 L [C00Z L [ZL6L L | PEGL L9061 || EvEL L [OVGL L [288L°L | 6SG8L | I 6EBLL| JE6L L 8261 L |S66L || 2861 | | 2€61 || €261 ) 05 61
868 9861 | [2202°1 | 0661} | €002} [GS0Z'L [ 26611 | ¥861) |8L0Z'L | 06611 (2661} [¥EBLL [ 0161} | 168)°) | 8861} | 0C0Z'L | 2¥0Z) | #861 ) | G861} |GZ6L) 0061
168 8E0C | | ¥20Z L [ ¥¥OZ L |BS0Z L [COLZ L | OLOZ L [BEOZ L | 002} [ 802 L [ pFOZ L | GO6LL | 196 L 261 L | LPOZ L | Z80Z | | 6602 L | SEOZ | | 8E0Z L | 8202 1 05 vi
198 0602} |SZTIZ'L [ #6802} | 1112} [OGIZ7 | 120Z ) |GBOZ'L | €212} | D0IZ'L [9B0Z ') | 920Z'} | 2102 ) | ¥B6I'} (€602} | #EIZ ) [ZSIT') 280Z1 | 1802 ) | 1802} 00 v1
€98 CVIC) [ pAIZ L [6VIZ ) [GOIZL[B0ZZ L | PLIZ L |OPIZ L [GZLZ 1| 2612 |8PL2 L (9802 L | ¥O0Z') | vPOZ'L | SPIZL 9812 L | P0ZZL 6EIZ L |EPIZ L [EE1Z ) 05€1
CI8 E6IC L 16221 | 26121 | 8122} [GSTZ'L[GQIZ ) | 1812} | 42221 | £02Z'L (002 ) [9ELT'} [SGHIT) [ GBOT') | 96LT) | BEZT) | 9STT (0612} | 9812} (9812} 00€l
08 EVCC V| 1122\ | 1S2Z) | PO22 L | POCZ L | BLZ2 L | VP22 L [BI22') | $G2Z L (1G22 ) |GRLZ'L [ POIZ) | GPLZ'L | 2022} 6022} | 2062} | 0922 | 1v22 ) 1622} 05 ¢k
018 1622} |EEEC L [26¢C ) [CVEC L [6VEL L | 99CC ) |68CC L |BCEC L [ E0EC L [00EC 1 [ VECL V| EVE b | E6LE L | 96CC | | BEEC L | 9SEC L | 8BLC b [26¢C ) | 18CL ) 0oei
68 GEEC b [ 24621 [ 219621 |0SEZ 1 [16EZ L | B0EZ L | 0FEZ L | P267'1 | 06621 |OFEZ L | €122V | 2622} | 8E22 ) | 26621 GBEZ L | LOPZ ) 2662 ) | $PEZ L | PECZ ) 05 11
G68 | ELET ) |GLVC L[ 18EC ) |96 b [CCVe V| WVEC L | VBEC L | 9bPe | [ OBES | [ Z8EC ) | B0EL || 96C b | 8L | | €8EC L LLVC L |OPPL L | LIEC ) |SBEC L | OLEC ) 0011
8E6 | COVC L |GvPZ L | BOFZ') | J2F2 L |8YPZ L | ELET L (B0 ) |BFPZ )| CZFZ L |BLYZ L [2EC2') [ 9262} | BOEZ'L | SIPZ)  LOFZ L | 0242} | 00FC ) | ZLPT L [BOVZ L 0604
818 | BIVC ) | BSVE L | SEPC L | SV ) [GGVE L [B6EC L | GCVE L |69VC V| Cvve ) [OVRe L[ WPEC L | EPEC L GCEC V| VEVC L E8PC L | SBPC L | GIPC L | OEPE L | 06WC ) 0004
1201 BIFZL | SOVT L [OEVT ) |OSKZ L | VSV L | VBEZ ) [BCVZ L |SLVT L | SV L | SkVT L [6EET )| WVET | | LZETL | LEVT ) 8BKT L |BBKC | LIVT ) |BEVT L [VEVZ L S8
8GO} [ LIWC ) | COVC L [BEVC L |(SYRC L [SYRE L | COEC L [LCVE L | CIVE L | WVRL L | CVPC L | SEEC L | IREC L GCEC L SEPC L GBPC L [BBPC L VIRC L | JEVE L | VEVE ) 058
£601 | 80VZ L | ¥SVZ | | 82KT ) [LEVZ L | LEVT L | ¥VBET L [2CVT L [40VC} | SEVT | [9EVT | [€2ET | | VEET | | BIET L [BZVT 1 VBT ) | IBKZ L LOVZ )} | 0EVZ ) |BTVT ) 628
CELL | 96RC L (Rl L [ WIRC L |0ERE L [LERC L VIEC L [PLRES L 2GPE V| 2EVE L |GEve V| 206 L | €2EC L Q0EC L | BIPE L SVE L | 02VC ) [ 96EC L | ZIvE L [BLPE L 006
€OL) BLEC) |GCVT L | L6EC ) | EWVC L |2OVT b | GOEZ L [CBEZ L [CVVT L [ZIVZ L |0LKZ L |88CT 1| 90ET ) | OBCC'} [2OKC | VOKT L | ESKT L 0BEC | |00V L | VOKT | S8
€611 | LSBT} |66EC L [S/EC L |68EC L [BLEC LI OVEC L [CLEC L | ZCve L] LBEL L | 06EL L | POLL L | 98CC ) 69CE L | 18EC L Lope L | LEPE L [ BSEC L |8IEC L [ PREC | 058
812 VEET) |BLEZ L | WVET ) |B9EC ) [CSEC L | BIEC ) [VVEC | | L6ET L | COEZ L |99EZ | | 9ECL | | 09CC b | WL} [ SSET L | BIKC ) [COVT ) VEEC | | 1GET L | 09EC ) S8

(/%) uonaelj pIoA 940 1e siuedioned e woly sYNsal ¥y g ajqel

BURNUPCREDIT CRITICALITY BENCHMARK PHASE IID



NEA/NSC/R(2022)8CORR| 109

602 V| ¥861 1| €E0CL | ¥961 1| 600C V| S00C ) | G66) V| GEOC || OFOZ || 2661 ) [€481°) 9861 ) | #B6L L | PEGL || 8681 L | OVBL L | L¥6L L[ 9161} 008
L6601 9G64 1| vIL0C') | 9E61 )| 0861 L | ¥261°) | 2961} | 200 1| 9002 )| 0461 L |6F8L L) L96L L | #E6L L[ GO6L L | LIBLL E161°1|/88L°1 Gl
9061} | SZ6L') | 6961 L[ GOBL L | 6¥EL L |OF6L ) [GEBL L [ 6961 L | 84611 | FP6L L [Z28LL | ZE6L L | 2261 L | vL8L L | PREL L[ 1BLLL | €881 )| L9811 0L
¢E6L'L | 2681 )| 6E6L | EL8L 1| GIEL L[ S0BL ) [Z0BL L[ 0E6L V| OV6L L | 161 L [PELL L | PO6L L | 688L L | bFBLL | 181 [6RLL L] 1SBEL | G28LL S¢1
2681 1 8G81 1| J06GL L | 6EBL 1| 1BBL L6981 1| 2981 L] 168 L9061 )| 2881 ) [COLL 1| 0481 )| PGBL L[ 608L L 0640 L ZVLLL | BIBL L E6LL) 00°L
bOBL L | ¥EBL L | LZ8L L | GOBL L | 9F8L L EEBL L | ZEBL L BGBL L] LIBL L | 0GBL L [ELL L | GEBL L [6L8L L 9LV L €941 L [GBIL L | 2841 [ 092 619
GZBL'L [ 68LL L [ FESL LI OLLL L VESE L[ Z6LL L [9641°1 [ 9281 L[ SE8L'L | €181 L [L6OLL | #O8L L | v8LL L | €LY [ LELVL [€GOLL | PGLV L[ L2LVE 059
6811 [ SGLL L[ 9BLL LI OELL L | QLLV LI VOLV L [09ZL Y [ #6LL V| 26411 | 8LV L [899V L [OLLL L | OSLL L [OVLV'Y [ MRLVY (€29 L | é2Lb L | PROL'L 529
EGLLE [ VCLV L €QLL L VOV WRLV L 924V L | GELV L 041 L #OLL L | PRLVE | FESLL | GELL L [ GLLLL [ 82911 | G8B9L'L | b6SL L | 0691°L | €981 009
LVIVE 289V L SELL L 2990 L[ L0LL L) LE9L L {0690 L[ €8LL L €8LL L | 041 L [66GL )| 8691 L | b8OL L[ Z¥OL L | L9911 | 09GL L | 6S9L L | 0ESLL GG
E801°L [ €901 | 2691 L[ ZEOLL | 2201 L[ ZGO1 L [GEOL L [ #BOL L | LS L | 2491 L [0G1 L [ G991 L | ZP9L L | 919L ) | 9€91 ) (6261 ) | 829k L | 86EL'L 056
8791 11231189911 66G) 1 8EIL V| CE9L L] LE9b V| €GO L] LG )| 9E9L ) [BEGE )| LEIL L | FIOL L [GBGL L | €191 L 00GL ) | 865k} | 4961} G2 S
FIOL L[ 88GL )| L1291 °L | G9GL L | #0911 06SE L | 28GL L LeSlk L] beSl )| 7091} | #0GL') | G661 ) | €8GL L |GGG L | 68GL L | 04FL L | 89GL L | ZEGL) 006G
08GL'} [ 9GGH L | 009} [ EEGLL | VASH L [ ZSGL} [ #CGL L | 06G) )| 88GL L | 8961 L [€4pL L | 29Gh L | 0GGL L | 92GH L | 9961 ) [ bkl L | 6EGH L | L0GL'L GLY
LvGLL | SZSH L | €961 L[ 00GE L | BEGE L | GeGh L[ beSh ) [ 6SGL V| 9Gh L | GEGL L [GkvL L | 62SL L | 6LGL L | 6L L [ ERGL L [EVFLL LISE L8RV 0S¥
ELGH L v6FE )| 8261 1| 89F1 L[ 906 L E6F1L L | 68FL L LEGH L] 92GH ) E0SE L [ pIvL )| 26711 | 88YL L[ 69FL L LEG L | GBEL L | EBFL L | 6FFL ) Sev
b8EL L €91 L | 86FL L | JEVL L WAV L 2OFL L[ BGRL L PERLL | 88YL L | LAVE L [9BEL L | €9FL L[ JSEL L | Pl L | 66F) ) [ZSELTL | SGELL | 02RL L 00
6rFL L [ EERL L [ BOFL L SOFL L | CPPL LI BERL L [9EPL L[ 8OFL L 2OFLL | LRI L [GSEL L | CEVL L | Z2PL L EIL L | 84FL )L [OEEL || 8EPE || 26EL L SLE
8LELL | PORL L | 6ERL L FLEL L | OLFL LI BOFLL[96EL L [ CRPL L PERLL | ObFL L [CEEL L | POV L | 2681 L | GBELL | ZGFL )L [E0EL L | LOFEL | PIELL 0s5¢e
98EL H VLEL L[ B0FL L PFEL L IGLEL L) LEL LI GOEL L] LIRL L] B6EL L | BLEL L [ POEL L | PLEL L | ZOEL L[ BSEL L | GERL L GLEL L | WLEL L | ZEEL) GCE
GGEL B SPEL L[ LLELV L CLEL L[ BPEL L LFEL L | GEEL L 0BEL L | BOEL L | BFEL L [BLEL L | OFEL L [ BEEL L[ LEEL L | wIFL L |6VEL L | BYEL L OLELL 00'€
PEEL L | QLELL | PPEL LI EBZL L) LLEL L [CLEL L [GOEL L[ OGEL L | EVEL L | OZEL L €GEL L | SLEL L BOEL'L | VOEL L | PEEL || 2ECH || ECEL )| €821 6L¢
c6eb b L8EL L CLEL Y| eGEL L[ 282V V| E8EL L | GLEh V| 0EEL L 9LEL )| FECL ) | CECH )| V6L ) |64V b [ LLEh L | €LEV L GBLE L | 961 || SSEL ) 05°¢
¢9ch L8621 L | 28Z) L | e2el L[ 9Geh L esel L | Ghel L | 86€L L] 1821 )| 891 L |60CL )| €921 L | 0GEL L[ bGEL L | LSELL|83LLL | 0421 )| 8EEL ) §2¢
VECL'L | 622V L[ FGEL V| 6LV L | GEZL L €2V L [ GLEL L) GACL L 0GEL L | OFEh L [FBLL L | LECH L [ 022 ) | EECL L [ 6CEL L [bRLLL [ ¥FEL L [ LOZL L 00¢
LOZL'L{00Z) L 22 L | LOLL L GELL L E6LL L 9BLLL | LWL L GLEL L | GEELL[SOLLL [ L L[ LGLL L 96LLL [ BOELL [PLLLL | BLCL L ELLL) SL)
OLWV b OLVL L 66V LI VERL LI #OLL L #ObL L GG L1902 L1EBLE L 6L L [OFEEL198LL LRSI L [69LL L | 98C L 2800 L €64 L[ 9FLL) 05}
GELL L[ LPLL L SOLLL O0LL L FELLLISELL L 9ZH L 8L L GG L 2ok b bebb Lokl b [ eEbb b evib L | #92h L 0301 L 9911 L|8LLLL A
OLME L[ CHEE L ERVL L2001 GOVL L[ 80RL L[ 26001 [8GLL L 8ELE L EPLLL[O0LL L[ BELE L EOLL L GLLLL | PRV [FEOLL | OFLEL | 160LE 00’}
¥B0L L | G80L L | 60LL L[ SFOL L) 6201 L [SB0L L[ LAOL L{SELL L] Q0LEL [ LELL L E€B0L L SELL L] 220171 | LBOLL| 92C) ) 9LEEL[9%0L') SL0
GIOL H (G904 12801 1 9201 1| 090F V(0L ) [0GOL L[ ChELLI980F 1 GOV LIEL0L L] MOV L2501 L[ EL0V L ELEL ) L6011 9¥0L} 050
0904+ [8SO0L 1| S20L 4| 020L b | #GOL L9200} [ #ROL L [GELL L] €L0L L) EOML L 7201 L) LOLL L | LGOL L [ 6900} | FICL L ¢60L 'L | 0F0LL G20
69011 {8904} [ Z80L L | LEOL L[ €90L L {0GOL b #SOL L LLIL L] QL0 L[ VL L (2801 L) LEVE L) BS0L | 220V L) 922} oLEL [ 4v0L} 0Lo
PCEL L | 6CEL L | PFEL L[ LBZL L GLEL L [OVEL L [ GIEL) S| SEEL L €BEL L) 0SEL L | 64EL ) [QLEL L] JRELL | VBFL L 19€1°L ) Z0ELE 000
9108 | SKIS| ¥IOS| €1OS| €KOS| LOS| 0KOS| LOS| VOW| €3M| 3| 13M| v3IH| €3H| <¢3H| 3AH| WO| V| VIV nshﬁﬂﬁwmw

(/1) uonoeuy pIOA 90t Te syuedidied (e woly synsal iy g g s|qeL

BURNUP CREDIT CRITIGALITY BENCHMARK PHASE IIID



110| NEA/NSC/R(2022)BCORR

Table B.2.Kins results from all participants at 40% void fraction (2/4)
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