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Introduction

The CLASS package :a brief overview

CLASS : general informations

First code line wrote at Subatech in 2011. Soon after the LNC-IRSN joins the collaboration.

. . < LPsCE
CLASS s a C++ library 2Uoatech eoooe
~15000 code lines J‘PN IRSH
Involved laboratories Main developers
Subatech. Nantes B.Mouginot (post-doc) 2011->2015
IPNO Ors’ay F. Courtin (PHD) 2014->2017

N.Thiolliere 2011 -> -

LPSC,Grenoble .
B.Leniau (post-doc) 2013->2016

LNC, IRSN, Fontenay aux Roses
GIT/SVN repository, forum,

qulicatio_ns documentation, manual :
értlcicles 0 3 (Irj72015) httos://qitlab.in2p3.fr/sens/CLASS
onferences . https.//forge.in2p3.1fr/projects/classforge

Past and present PHD : 3

CeCILL License (in progress)

Open source code and models.

Each publication using CLASS should explicitly
cite CLASS and models references

3 teaching workshops
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Introduction

The CLASS package :a brief overview

CLASS : a nuclear fuel cycle code

As any fuel cycle code, CLASS aims to describe « units » which store
and/or transform and exchange matter. The goal being to calculate
iIsotops inventories in units and material flux between units.
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exemple of possible connexions
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Introduction

The CLASS package :a brief overview

CLASS input: a C*" interface

Exemple of a CLASS input :

Storage N Storage *StockUOX = Storage(gCLASS->GetLog());
StockUOX->SetName (" StockU0X") ;

gCLASS—>Add (StockU0X) ;

Spent fu el POOI . Pool *Cooling_UOX = PooL(gCLASS->GetLog() ,StockU0X, Temps_Cooling_UOX);
Cooling_UOX->SetName("Pool_U0X");
gCLASS->Add (Cooling UOX) ;

ReGCtOr . Reactork R_MOX = Reactor(gCLASS—>GetLog(),
PHYMOD,
FP_MOX,
Cooling_MOX,
Temps_Debut_MOX,
LifeTime,
Puissance_MOX,
MasseHM_MOX,
BurnUp_MOX,
FacteurDeCharge);

R_MOX->SetName("The_M0X");
gCLASS—>AddReactor(R_MOX) ;
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Introduction

The CLASS package :a brief overview

Decay handling (out core)
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Introduction

The CLASS package :a brief overview

Decay handling (out core)

Sum of pre-calculated ascii tables

Time
. Z A 1\ time 0 1,00E+08  2,00E+08  3,00£+08
Nucleus invento ry = 2 : : GL20c2 1 0727 s portion of a pre-calculated
. 95 241 0 0 0141097 0261519 0364194
Daughterl iInvento r)l 93 237 0 0 000037098 0.00140392 0.00300153 decay table of ONE
. 91 233 0 0 1.20044¢-11 4.69712¢-11 1.01549¢-10 24|
Daughte I Invento r)l 92 233 0 0 1.17172e-10 9.40835e-10 3.10253¢-09 NUCLEUS ( Pu)
90 229 0 0 3.96366e-16 6.49622e-15 3.251e-14
¢ oo 88 225 0 0 2.03528¢-21 3.45768¢-20 1,75189-19
89 225 0 0 1.30994e-21 2.27899¢-20 1.16443e-19
2 a 0 0 0.000371008 0.00140394 0.00300155
82 209 0 0 1.78109¢-23 3.08871e-22 1.57801e-21
83 209 0 0 1.42923¢-16 5.20101e-17 3.1330de-16
Exam Dle 92 237 0 0 2.70291e-08 2.32053e-08 1.99225¢-08,

Considering a sample made of : N! nuclei of 241Py and N2 nuclei of 2Py
What is the composition of this sample 3 month after ?

portion of

\
/4
241py table Daughter;
F3 A I\ time 0 1,00E408  2,006+08  3,006+08
94 241 0 1 0.858532 |0.737077  0.632804
95 241 0 0 0141097 |0.261519 0.364194
93 237 0 0 0.00037098 p.00140392 0.00300153 1 L
91 233 0 0 120044¢-11 §.69712¢-11 1.01549¢-10 [\ © . Daughtefrl
92 233 0 0 1.17172e-10 § 408 TTe46aal02536-09 .
90 229 0 0 3.96366e-16 §.49622e-15 3.251e-14 Sample Wlth
e b b 1S n n 7 MICINAI1 ACTASlA. 2N 1 7R1R20s.1Q + "
portion of > 3m of decay
238 Daughters
Pu table
z A 1/ time 0 1,00E+08 y
94 238 0 1 0.982621 2
92 234 0 0 0.0173787 N*-D aug hte?“g
920 230 0 0 5.45339e-08
88 226 0 0 h.71127¢-13 53621613 7.8774¢-13
86 222 0 0 2.3802¢-18 B.55962e-18 5.07497¢-18
2 a 0 0 00173788 |0.0198367 0.0222885
22 MN n n

E CAREEA. 1T r ARYQTa 18 D AAC 20 R
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Introduction

The CLASS package :a brief overview

Reactor handling
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Introduction ‘

The CLASS package :a brief overview

Reactor handling : two cases

Fixed fresh fuel Dynamic fresh fuel
(recipe based)

Infinite mine Storases
of fresh fuel 8

l always the same l
Reactor Reactor

l l Reprocessing
Pool Pool
! !
Storage Storage
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Introduction

The CLASS package :a brief overview

Reactor handling

Fixed fresh fuel
(recipe based)

EvolutionData : pre-calculated fuel depletion

:::::::::::

Infinite mine

of fresh fuel
l always the same

Reactor
Interpolated spent fuel at

l user defined cycle time

35 26 ¢ { 352. . QA F R 3820 . 02054 3125 -
33 LUY ¢ X JO9D . LR 4 VA F . 4 OIR09 [I2LIT971 LN
" , s . A AD . 1A YA M A T T A . -
OO : === ’ : = e : 7 e : . : l
2’2 £LO7 U U U U U O ¢ « £9N r .
1 1 ! A 1 A 11081% A 1 A
' ! L X . L« OULAR AOLY L, X - L L
!
. ' X X X X X

'

Storage 0 203000000008 000000 00000 1 2urLssIS
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Introduction

Reactor problematic

Reactor problematic : fuel from reprocessed materials

Determine the fresh fuel composition and predict its irradiation in reactor

| > IN(t =0) = N
Fuel composition |

suitable for the reactor Boltzmann equation
Trial ‘ oE l
composition N(t=t) [o(E) (

‘ A <0> — f¢
Bateman’s equations <—|
Fuel manufacturing |« keﬁ(t) l
S t Cooling N (7 — ¢ N
4—.—.— — —
torages Chemical separation ( r) i

—
<O‘> and keff(t) strongly depends on N() , which is unknown a-priori

How to avoid calls to time consuming neutron transport code !

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Introduction

Reactor problematic

Reactor problematic : fuel from reprocessed materials

Determine the fresh fuel composition and predict its irradiation in reactor

| " IN(t =0) = N,
Fuel composition |
suitable for the reactor

Neutronic datas </\>

Trial predictor
composition
‘ kepp(t) Bateman’s equations
Fuel manufacturing |« l
S t Cooling N (7 — ¢ N
G ————————————————————————————— p— —
lorages Chemical separation ( r) f

Approach used : Replace the neutron
transport code by statistical predictors

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Introduction

Reactor problematic

Methodology : Building a reactor model for CLASS

0 10 20 30 40 50 60 70 80 (%) 4 " . { — }
Define fresh fuel Fuel depletion Generation of Multivariate
isotopic variation calculations a training regressions Statistical
domain (Boltzmann/ data base (Artificial neural estimators
Bateman) networks) —~
Reactor model for
CLASS
Existing models : In development :
e PWR-UOXx e PWR-MOX with Americium
e PWR-MOX (this talk) (A. Zakari's talk Friday morning)
e PWR-MOX on enriched uranium support.  ® ADS
(Fanny COURTIN's talk, this afternoon) e CANDU U from reprocessing
e SFR MOX

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation

Mean cross section prediction

Example : PWR MOX Cross section predictors

[ !
o - {{(o) (¥)}

0 10 20 30 40 50 60 70 80 (%)
Data base
generation

Depletion calculations
(coupled Bateman/
Boltzmann solvers)

Hyperspace of isotopic
composition of the fresh fuel

Pu hvperspace

0.304 0506 0.7 0150700250A 005 010 015 020005 0.10 0,15 0.20 0.00 0.02 0.04 0.06
. 007
OOS
238Py
003

001

0.7

239Pu 0.5

c.3

0.30
10.25
* 10.20
0.15
0.20

0.15

240Py

Pu content
[47%;15%]

0.10

0.05
0.20
¢ 10.1%
10.10
10.05

242Py

233 ) variation in U vector
[0.2%:0.4%]

The CLASS Team

Statistical
estimators

Multivariate interpolation
(Artificial neural network)

The plutonium hyperspace is generated
using 6 different PWR-UOx fuel depletion
calculation (representative of the french
fleet) at difference irradiation time.

Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation Mean Cross SeCtlon Pred|Ct|0n

Example : PWR MOX Cross section predictors

@) (N0,
2 (2py bem \ LT o 05
%l..g :9
™ e : Statistical
0 10 20 30 40 50 60 70 80 (%) { <O-> (t) } estimators
Hype.rs.,pace of isotopic ID?&?::I’: dc;:i:::t;z/ns gD ear::rl:iii Mquciygriate interpolation
composition of the fresh fuel Boltzmann solvers) (Artificial neural network)
Main characteristics : Main simulation parameters :
Assimbly 17x17 lattice Infinite calculation (mirror boundaries)
100% MOX Impact of UOx neighbor not taken into account

Fixed power density : 30 VV/g Fixed boron content : 600ppm

MOX composition : Variable MCNP steps : | |

Multi-group : yes (17900 groups)

Data Bases (XS,FPYields,S(x,p)) : JEFF 3.1.1
Half life threshold : | hour

Running time (Il cpu) : ~2 hours

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation

Mean cross section prediction

Example : PWR MOX Cross section predictors

s g F
2 C
o

T
FFFI?

EE

0 10 20 30 40 50 60 70 80 (%)

Hyperspace of isotopic
composition of the fresh fuel

N different fresh
fuel compositions

zzzzz

Boltzmann solvers) (Artificial neural network)

Depletion calculations

N fuel depletion calculations
using the code : A\
g 74/{ L J

T N
>, P - o)(No,t } 3
W 5 : (9)(No,?) ; (AN
pas '.‘;; - — = AN
/ { < O'> (t)} “- Statistical dt
= estimators
|[Depletion calculations Data base o :
(coupled Bateman/ generation Multivariate interpolation

N sets of results:

Nucler Tree
(Decay &
Reaction) ¢ o0
— (N — (N .
- ~ at AN e 5 —AN
System Defiition —— MCNP » MOCNP N MCNP
(Geometry, Material, 0 Evolution ' Evolution .
' Conditions AL = 2 Al

Source, ...) Conditions

— {0) (1)}

~2h per depletion calculation on 1 CPU

The CLASS Team

Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation

Mean cross section prediction

Example : PWR MOX Cross section predictors

,“U s
Wee e
2[132 =
2“Pul — -
iloPu ~ —
z {{o) (1)} : {{@)(No,t)}
0 10 20 30 40 50 60 70 80 (%) -~
Y ¢ isotoDi Depletion calculations Data base Multivariate interpolation Statistical
yperspace ot isotopic (coupled Bateman/ generation witivariate inferporatio estimators

composition of the fresh fuel
Boltzmann solvers)

(Artificial neural network)

Using the depletion calculations to train ANNs to predict :

(0) =

One neural network per reaction...

INPUT LAYER HIDDEN LAYERS OUTPUT LAYER

238p,
239py,
240py,
241py,

Proportion
in fresh
fuel

2 Hidden layers

of 9 neurons Mean

-Transfer function : tan .
Cross section

P2/ /A -optimization : BFGS
In

I
Irradiation

time

' Using TMVA (root)

The CLASS Team

f (NO, t) (Power is constant)

Number of reactions :

*Nuclei considered :365
*Reaction type handle : (n,Y), (n,f) and (n,2n)
eNumber of reactions : 700

Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation Mean Cross SeCtlon PFEdlCtlon

PWR MOX model testing performances

esting procedure :

—~ N Mean cross section predict by ANN

N
(o) — (o)test (o) trained with N MURE calculations results
ANN Error = o) est

<J>test Mean cross section calculated with MURE
NOT USED FOR TRAINING

For each reaction and for each

training sample size : Plot each (mean,d) on a graph

2 F
g' 250 -
°I -
g‘l 200 (-
- -
3 A
2 N \ 8

©_150 -

e L )
2100 cC
: :
S0 )
3 &
Ql ¥ — - e SRS BT ETE AL SPETETAT S PR . - L

9.008 0003 -0.002 .0001... 0.  0.001..0003.. 9003 >
Example :Error distributionon ANN Error
241Pu(n.f) prediction Std. dev. on error

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation Mean Cross SeCtlon PFEdlCtlon

Testing performances : fission

S » Others
)]

Mean 9.2 : . . U
z » Np
m L
@ } ® PU
% ] |*]Am
b;a - » Cm
< 239

10-3_ ] 241pu pu
[ g
- 25y g Wee
e e
: D... 9._‘{
238) P :
‘f_.
- - ‘
® D
is) .')
104 — 87
| | | | | | - | | | | | | | | 1 1 l
10 10 1072

Standard Deviation of the error
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Mean cross section interpolation

Mean cross section prediction

Testing performances : capture

Mean$

10

Average relative er

1074}

[

[

I

[

Lol | 1 |

103

The CLASS Team
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o D
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Pu
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Standard deviation of the error
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Mean cross section interpolation

Mean cross section prediction

Testing performances : (n,2n)

Mean
p -
O
— 1 : :
h — . .
$ * Actinides S4Fe(13.6/10Q)
> * Others 46Ti(13.5/93)
I 10" 39K(13.5/100Y
D = 31P(12.7/100) $'AI(13.5/100)
- a
O “9Th(6.8/2.5) o.*) 50Cr(13.3/100)
O) P36 ‘ s oo ’ .
© 402 ~°Np(5.8/1.5) 236P(7.4/4.3) %Mo(9.8/7.4) 35C1(13.0/100)
q>) = “9Pu(5.7/1.6) / .. ¢ é 52Cr(12.3/21)
P49Cm(4.7/1.1 ottt

< . U) e‘:& . = F 4 .0 o®®

10° b £

- 235(J(5.3/1.5) 238U(6.2/2.0) /(-vi 0 :
10° : 240Cm(7.6/7.8)  ° [
10-5 ‘ | | | 1 | | L4 1 |
10° 10 1

AX(Energy threshold, MCNP statistical error)

Standard deviation of the error O

The CLASS Team

Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation Mean Cross SeCtlon PFEdlCtlon

(n,2n) statistical error

18
T T T T [ Tt T —— JEFF-3.1: CR-52(N,2N)CR-51
i ~— JEFF-3.1: FE-54(N 2N)FE-53
e E/ = JEFF-3.1: MO-94(N 2N)MO-93
' et N e JEFF-3.1: U-238(N 2N)U-237
1e-06 1 e ——— JEFF-3.1: PU-236(N ,2N)PU-235
- - y
a | / T
E L/ \ _
=
T o 1.0— / — 1.0
= le-07 O E / -
z g | / |
n i L
2 L .' -
9
le-O8 B O 0.5 Kl‘ — 0.5
le-09 0:_ / B - = .
< - < 1 1 1 1 | 1 1 1 1 1 1
Energy [MeV] 10 15
f ¢ dE' Incident Energy (MeV)

=TT qs
Error more important for (n,2n) reactions )
(n,2n) : Threshold Reaction
->Low statistic in fast region of neutron spectrum (Monte Carlo !)
->High statistical error on (n,2n)
-> Noisy mean cross section
->ANN can’t be better than statistical error on the training sample !
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Mean cross section interpolation ‘ Mean Cross SeCtlon Pred|Ct|0n

Induce errors in fuel depletion calculation

Methodology :
* Generation of 500 random fresh fuel compositions in
Reference the hyperspace previously defined.
* Depletion calculations (MURE) with these 500 different
fresh fuels

* The same 500 fresh fuel compositions are used as input
CLASS models for the mean cross sections predictor

output * These cross sections are used by the Bateman solver of
CLASS

The end of cycle inventories are compared

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Mean cross section interpolation Mean Cross SeCtlon Pl'EdlCtlon

Induce errors in fuel depletion calculation

5 10° e
e}
- ?
" 5 2y How to read ?
10" é‘ | ) Y axis:
. E 1 | . Proportion in spent fuel
10° = C ,xf* ST ‘.. 4tPu X axis:
3 | o o e SRR 241,243
10 3 g_ ‘ ‘_‘. .:.;;2;.::{:. v , _ - : 4 235U Am C[T]
10" = i A 236U 242Cm; 245Cm; Np
= AR 0341 | 242 m : , ,
10° = R ﬁ i U Am Np Relative difference
6 = ~Cm, °Crn between a MURE
10° = .
= calculation and a
107 é- depletion calculation
8 with predicted <O> via
10" =
- ANN
10° =
107 =
10 %
10 12 L L Ll Luﬂ L1l Ll 111 ] HH \mul' ol 1 Jll‘ UL

10° 10® 107 10°® 10° 10* 10‘3 10'2 10" 1 10 Dlghoz
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Mean cross section interpolation Mean Cross SeCtlon Pred|Ct|0n

Impact of the 3 reactions assumption
1LASS 3 reactions (XS from MURE) VS MURE all reactions 3|| reaction :

Z

[l

- o Actinides 3 reactions

® Others +
(n An)

238J(n,3n
(N,P)

10

10° =~

103

g
s
—
—
—
—
T
—
—
-
—
—
—
—
po—

107
10° ¥
1071 R

10°® =
107 =
10710 =
10" =

10'12 | Jllllll] | llJIllll | JlJllJA L 111 WI'.I-.:L_L‘

10" 10" 10" 10° 10® 107 10® 10° 10* 10° 102 10" _ 1
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Fresh fuel construction

Fresh fuel construction modeling

Example of building a MOX fuel for a PWR

Pu content ?

1 - Pu content

Vs .
A
Plutonium Dep. Uranium What is the Pu content for

1o
Storages the reactor to be critical

Isotopic compositions determined
during fuel cycle simulation

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Fresh fuel construction

Fresh fuel construction modeling

The averaged k., model

*The fuel management in CANDU/PWR/BWR/SFR... uses batches to flatter the flux profile and to

flatter the kesr evolution (fresh fuel assemblies compensate de lake of criticality of the old ones)

@ a fuel loading : I/N assemblies are loaded, I/N are moved in the core,...,I/N are unloaded
For PWR :N = 3 or 4.

How to mimic batch management with infinite calculation ?

1,35 | kfrac __
Considering that the behavior of an assembly isn’t L3 — k. 7
impacted by its surrounding media, we defined the 1251 == Ky roshord |
average k. over the batches as : ol 1
N-1 . 115k
1 v I
batch
< koo > t) = — koot + — 1.1
)= 3 D kslt+5) 1
1=0 1.05
T :Irradiation time (N loading/unloading) Ir
0,95
[},QL . | . | . | . | . -
0 10000 20000 30000 40000 50000

Burnup [MWd/tHM]

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

The averaged k., model

1 '« A |
batch 1,35
<hoo SN () = 5 ) eolt+ ) B
=0 1,25

T :Irradiation time (N loading/unloading) 1.2

1,15
1,1
1,05

0,95

0 1o 000 30000 40000 50000
Burnup [MWd/tHM]

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

The averaged K., model

1 «— vl |

batch 1.35
R AURE S oINS
=0 1,25¢

T :lIrradiation time (N loading/unloading) 1,21

115

The reactor has to verify : o

k’eff =1 Vt € [O,T] 1

> < oo S 4 Leaks + CRods I Glan

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

The averaged K., model

1 '« A |
batch 1,35
<hoo SN () = 5 ) eolt+ ) B
=0 1,25

T :Irradiation time (N loading/unloading) 1.2

1,15

The reactor has to verify :

0,95

—> < k. >Ph—1 4 Leaks + CRods

batch

< koo > — kthreshold

1,1
1,05

k’eff =1Vt & [O,T] 1

0,9 J_— . | . | . | . | . | =
0 10000 20000 30000 40000 50000

Burnup [MWd/tHM]

B. LENIAU

PISE project



Fresh fuel construction

Fresh fuel construction modeling

The averaged k.. model

1 «— 11 |

batch = vt 1,35

< koo > (t)_NZkoo(t+N) !

=0 1,25}

T :lIrradiation time (N loading/unloading) 1.2)

1,15

The reactor has to verify : N

1,05

k’eff =1 Vt & [O,T] 091_

95

> o Sbatch_ | | Teaks + CRods "% o e b s
< o0 > — _I_ Ears _|_ oas Burnup [MWd/tHM]
batch
< koo > = Kthreshold

as [boron] is kept constant in simulation the criticality conditions is :

< koo >batch (T/N) —< koo >batch (QT/N) — eee — kthreshold

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

The averaged K., model

The plutonium content in a fresh fuel is such as the criticality condition
is verified :
Criticality condition :

< koo >batch (T/N) — kthresh()ld

The time T is the maximum irradiation time (Burnup) a given fuel can reach : BUmax (Given by user)

Method used to find maximum average discharged burnup in candu & pwr :
Nuttin,A., et al. "Comparative analysis of high conversion achievable in thorium-fueled slightly modified CANDU and PWR reactors." Annals of Nuclear Energy
40.1 (2012):171-189.

This model involves to build :

AN

—> 2 L (t) predictor : k__ ()

—>» an algorithm to find the Pu content according to
the criticality condition

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

S

Koo (t) : Artificial neural network (ANN) approach

INPUT LAYER HIDDEN LAYER OUTPUT LAYER

238 PU
P(oporﬁon 240pu .
in fresh 1 Hidden layer

fuel 24Py O of 14 neurons :
242Pu : -Transfer function : tanhj k OO t
A -optimization : BFGS .
241 7 ;

235
238

L Using TMVA (root)
Irradiation

e Time
Total number of events :
5000 depletion calculation & | | time step each : 55000 events.

Train with half (randomly picked) and tested with the other half

B. LENIAU PISE project



Fresh fuel construction

Fresh fuel construction modeling

Results of the ANN testing procedure

Koo (1

N—"

5000

4000

occurrances

3000

2000

1000

ITI1IIIlTlTTlTITlTTITlllIITI

— i
0.006 0.008 0.01

Fioo (1) — koo (1)
koo ()

| 1 | 2 l L 1 | i | L 1 l 1 1 : l L 1 1 i 1 2
-0.008 -0.006 -0.004 -0.002 0 0.002 0.004

Mean error : 30 pcm

MCNP Statistical :~ |50
Std. dev. on error: 200 pcm atistical error pcm

B. LENIAU PISE project



‘ PWR-MOX Model

Koo (1

N—"

Results of the ANN testing procedure

5000 —

occurrances

4000
3000
2000

1000

Mean error : 30 pcm

MCNP Statistical :~ |50
Std. dev. on error: 200 pcm atistical error pcm
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PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content

Vo Pu =
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PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content to reach a given burnup |
NPpUts

BUtarget : wanted burnup

I(%Pu — f(BUta’rgeta
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PWR-MOX fresh fuel construction

Model algorithm

Which Pu content to reach a given burnup with a given batch
management,

I(%Pu — f(BUta’rgeta N,

Inputs

BUtarget : wanted burnup
N : # of batches
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PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content to reach a given burnup with a given batch
management, knowing isotopic compositions of Pu et U

I(%P”U, — f(BUta’rgetaNa P1>L, Uz, k‘thj
{

BUtarget
N

H
Pu :

Inputs

. wanted burnup
: # of batches

Fissile composition
Fertile composition

LENIAU Baptiste Scénarios électronucléaires



PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content to reach a given burnup with a given batch
management, knowing isotopic compositions of Pu et U

|(%P”U, — f(BUta’rgetaNa Pfgb, Uz, k‘thj
{

o =
sPu Po //Initialization

do

{
varying BU until <k>(BU/N)= Kkin

using eq 1 & 2 : BUnax

Inputs

BUtarget : wanted burnup
N : # of batches

H . . . .
Pu :  Fissile composition
. Fertile composition

eq | :
1 X iT
batch E :

N = %PuPu + (1 — %Pu)U
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PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content to reach a given burnup with a given batch
management, knowing isotopic compositions of Pu et U

|(%P”U, — f(BUta’rgetaNa Pfgb, Uz, k‘thj
{

o =
s Pu Po //Initialization

do

{
varying BU until <k>(BU/N)= Kkin
using eq 1 & 2 : BUnax

if(BUmax > BUtarget)
decrease %$Pu //%Pu too high
else

lncrease %Pu //%Pu too low

Inputs

BUtarget : wanted burnup
N : # of batches

Pu :  Fissile composition
. Fertile composition

eq | :
1 < iT
batch
< koy > (1) ~ (+N)

N = %PuPu + (1 — %Pu)U
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PWR-MOX fresh fuel construction

 Model algorithm

Which Pu content to reach a given burnup with a given batch
management, knowing isotopic compositions of Pu et U Inputs

BUtarget : wanted burnup
N : # of batches

|(%P”U, — f(BUta’rgetaNa Pfgb, Uz, k‘thj

_>
{ o Pu :  Fissile composition
sPu = Po //Initialization ﬁ: Fertile composition
do
{ eq | : N
varying BU until <k>(BU/N)= ktn < ko Shateh (p) = izk (t+ E>
using eq 1 & 2 : BUnax N4 N
if(BUmax > BUtarget) j—e 2: kOO(BU7 N)
decrease %$Pu //%Pu too high
else N = %PuPu+ (1 — %Pu)0

lncrease %Pu //%Pu too low

}

while ( BUmax != BUtarget ) //accept %Pu or
continue looping

return %Pu

}

LENIAU Baptiste Scénarios électronucléaires



Benchmark

Fresh fuel construction modeling

Benchmark with COSI PWR-MOX Model

Work accomplished in the framework of a CEA/CNRS collaboration (2014)

Pu content predicted by the two codes for 5 different Pu isotopy :

v Pu abl °°
kthreshold — [1017 105] U = varaoe : ' . 18;
- o 1
BUmf,aget = 50 GWd/t ﬁ = 0.25% 235U ; H kthreshold ° 183
— . .
™ F 1.05
Fres ug# ﬁ ).( ) CEA
q-
5.8% Vg ! - ®
=
24.6% 4.6% NG, ™
14% O‘_‘ - * @
c &
S _ X
s '
S o f
o °
(@) * ¥
™
31.3% o0 ®
. -
™~ @
© s
= 238Pu L ]
- SatAm 0O 05 1 15 2 25 3 35 4
# fresh fuel
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Conclusions & outlooks

Mean cross sections interpolation :

= Good precision of the ANN approach on <0> prediction. For PWR-MOX :
-(n,f) : std. dev.on error < | %
-(n,Y) :std.dev.on error < 2 %
-(n,2n) :std. dev. on error < 5 % (for actinides)
Discrepancy due to Monte Carlo statistical error

= Performances in a depletion calculation:
Error (compared as MURE calc.) ~3% max @ EOC for main actinides
Computational time ~30 s

This methodology is used for all reactor description in CLASS

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



Conclusions & outlooks

Fresh fuel construction

= PWR-MOX model :
+ Based on batch averaged kinfinite .
*  kinfinite(t) prediction using MLP (std. dev. 200pcm)
»  Flexible : possibility to change k:hreshold and number of batches
+ Pu content prediction close to COSI(CEA) with k¢hreshold = 1.03

= List of CLASS equivalence models :

Model Name Reactor Fuel Spectrum Target Burnup Batch Management Regression Method Predicted value Input parameters
PWR_POL_UO2 PWR UOX Thermal any fixed Polynomial % 235U Target burnup
PWR_MLP_MOX PWR MOX Thermal any fixed MLP Pu content Target burnup
PWR_MLP_MOXAm PWR MOX-Am  Thermal any fixed MLP (Pu+Am) content Target burnup
MLP_ Kinf any (not breeder) any any any MLP Keo Target BU / Kthreshold/ N Batch
PWR_MLP_MOXEUS PWR MOXEUS Thermal any any MLP Keo Target BU / Kthreshold/ N Batch/ Max Pu Content
FBR_BakerAndRoss any (breeder) MOX fast fixed none Linear (pert. theory) Pu content reactivity weights
FBR_MLP_ Keff any (breeder) any fast fixed none MLP keff(t=0) none

The CLASS Team Technical workshop : dynamic nuclear fuel cycle



‘ Mean cross section prediction

Testing performances : Fission prediction
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‘ Mean cross section prediction

Testing performances : (n,2n) prediction
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