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Sensitivity analysis

Sensitivity coefficients

=Y (2) v

i=1

X First order perturbation
X Lineal and separable variables

v/ Fast to compute
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Sobol indices (global)

Vi)=Y Vi+ > Vit +Vi 4

i=1 i<i<j<d

v Use all the input parameter space
v" Any kind of dependence
X High computational demand
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Sensitivity analysis\sobol indices E e

2d + 1 terms in the expansion = first and total order coefficients

Vx.(Ex.,(Y]Xi)) Ex.,(Vx,(Y]X+i))

YTV TV

(Ssi<1,5Ti>5)

N
Vi (Ex_(Y1X)) = 5 S FOX(F(Xer, X))s — (X))
_]=1

N
1
Ex_.(Vx,(Y|X.i)) = SN g — (X, X{); )?
j=1

Integrals up to 2d dimensions
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Sensitivity analysis\sampling

Crude Monte Carlo (CMC) O(1/v/'N)

DE ESPANY

GOBIERNO.

MINSTERIO.
A DECIENCIA INNOVACION
Y UNIVERSIDADES

[N
o

08e % ®,

0.6 o

0.2
°

0.4re © ...'.o M

CIEMAT

Strategies for the uncertainty quantification

3rd TWFCS July 2018

5/18



GOBERNO  MINSTERO
DEEPANA D CIENCIA INNOVACION

Sensitivity analysis\sampling

Arbitrary Estimator
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Resu ItS\Scenario description
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ReSUItS\Scenario description E f%'f S ~

Parameter Ref.Value Units Parameter Ref.Value Units
PWR Park energy 430 TWhe ADS burn-up 78.3 GWd/tym
PWR MOX ratio 10 % A UOX SF 100 %
UOX electric power 1000 MW, A MOX SF 100 %
UOX thermal efficiency 33 % B UOX SF 100 %
UOX core mass 78.545 tHMm B MOX SF 100 %
PWR load factor 0.8 — Repr. capacity UOX 1700.0 tum/y
UOX burn-up 50.0 GWd/tym | Repr. capacity MOX 120.0 thm/y
MOX electric power 1000 MW, Repr. capacity A 850.0 tum/y
MOX thermal efficiency 33 % Hydrometallurgical sep. eff. Pu 99.9 %
MOX core mass 78.545 — Hydrometallurgical sep. eff. MA 99.9 %
MOX burn-up 50.0 GWd/tym | Pyrometallurgical sep. eff. Pu 99.9 %
ADS phase 1 energy 24.66 TWhe Pyrometallurgical sep. eff. MA 99.9 %
ADS phase 2 energy 15.27 TWhe UOX enrichment 4.2 %
ADS electric power 154 MW, Enrichment tails 0.25 %
ADS thermal efficiency 0.40 % Pu in MOX fuel 8.5 %
ADS core mass 5.325 tHm Pu in ADS fuel 45 %
ADS load factor 0.87 —
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EVOLCODE TR_EVOL
» Coupling between neutronic and » Simulation of all facilities
depletion codes » Mass and isotopic composition of the
» Specific irradiation libraries generation selected streams along the cycle

» ORIGEN for decay and irradiations

ROOT framework

» Data processing
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Results\Reference case E ; éy BEE soaon
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Resu ItS\ Reference case
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Resu ItS\Sensitivity

Variables Sign ni 5,' ST,' ST, — S,’ Variables Sign ni 5,' ST,' ST, — S,’
Puaps + 033|030 0.30 0.00 Epwr + 032033 0.35 0.02
Epwr + 0.25 | 0.27 0.27 0.01 Puaps “F 0.27 | 0.23 0.23 0.00

_8 EADS + 0.21 | 0.20 0.20 0.00 ;; EADS + 016 | 0.15 0.15 0.00

2 cuox — 0.09 | 0.08 0.08 0.00 Y euox — 0.11 | 0.10 0.10 0.00

<§( Quox + 0.06 | 0.05 0.05 0.00 <§( Quox + 0.07 | 0.06 0.06 0.00
EMOX — 0.03 | 0.05 0.06 0.01 EMOX — 0.04 | 0.06 0.08 0.02
oXx + 0.03 | 0.04 0.05 0.01 nox + 0.03 | 0.05 0.07 0.02
EUOX — 0.44 042 041 -0.01 EUOX — 045|045 0.44 -0.01
OX — 0.19 | 0.22 0.22 0.00 OX — 0.17 | 0.19 0.18 0.00

_8 EMOX + 013 ] 0.16 0.16 0.00 2| Quox - 013013 0.13 -0.01

2| Quox — 0.12 ] 0.12 0.12 -0.01 & EMOX + 0.12 | 0.13 0.13 0.00

D:.X Epwr + 0.09 | 0.07 0.07 0.00 gj_ Epwr + 0.12 | 0.11 0.11 -0.01
Puaps — 0.03 003 003 -0.01 Puaps — 0.02 003 002 -0.01
EADS 0.00 | 0.01 0.00 -—0.01 EADS 0.00 | 0.01 0.00 -0.01
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Polynomial chaos expansion E Wi

Orthogonal polynomials expansion
Y => a,V,u(X)
(YW
W12

Cp
WV} = [ dx V(W (x)f(3) = [Vl

Distribution  Polynomials

d
Vu(X) = [0 (X)  w={pr,.... pa}
i=1

Uniform Legendre
Normal Hermite J
Gamma Laguerre
f X) = f i
Beta Jacobi x(x) ’1;[1 xi (i)
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Polynomial chaos expansion

Statistical moments (&u =y H\UHHQ>
E[Y]=dp Var[Y]=) a,
n#0
First and total Sobol indices
5,-:Zai/Var[Y] I,-:{ueNd:u,->o,u,-¢j:0}
HETL;
ST,-:Z&fL/Var[Y] I,-:{,u,eNd:u;>0}
HETL;

Other terms for free

Shwi= Y. A% [ Var[v] Tiie = { B EN? K € (i1, i} 4 i > 0}
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Polynomial chaos expansion E = =) =

e , . d
The infinite series has to be truncated at certain order p = > o = < —;—p) terms

P
Y(X) =D ouVu(X) ~ ) apu(X) = Y'(X)
124 p=0
Minimization problem

& = argminE [(Y - Y’>2] — (@7®) 1Ty
(y = {Y(x®), ., Y(xMNT &, = wj(x('?))
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Polynomial chaos expansion

Leave-One-Out Cross-Validation (LOOCV) error estimation

1 N (e x<> yi(xy\?
o vy 3

CIEMAT

2_ 4 _ EfLOO
Q= Var[y]
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d = diag(®(PTP) 1PT)
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Polynomial chaos expansion)\Results
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Polynomial chaos expansion\Results E SRl
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Polynomial chaos expansion)\Results

Looking for interactions

» Let 1 = Epwr, 2 =emox, 3 = nviox

5 =033 STy = 0.35 S1o = 0.006
S, = 0.06 ST, = 0.08 513 = 0.006 S123 = 0.003
53 = 0.05 S5T3 = 0.07 Sy3 = 0.006
Direct i;tregration Chaos expansion 4th degree
112500 simulations 990 simulations
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v

Sobol indices provide a lot of information but very expensive

v

Dimension reduction with cheaper methodology (e.g. sensitivity analysis)

v

Quasirandom sequences provide better convergence than pseudorandom numbers

v

Surrogate models may reduce the number of simulations

But...

» How can the error in the Sobol indices be estimated?
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