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Background & Motivation

South Korea's energy transition imposes new demands on PWR operation

100 % FP

(12h) Ramp

(6 ) Ramp up

(2 h)

| Renewable Energy & Grid Flexibility ST Oad_mmwmi Seenario

South Korea's rapid integration of solar and wind forces OPR-1000
PWRs away from baseload toward load-following — frequent power
ramps and control rod movements to balance grid intermittency.

I Core Monitoring Challenge

50 % FP

Conventional systems (CECOR, OASIS/3DPCM) use pre-calculated PCF h)

libraries valid only at design-basis conditions. Off-nominal operation
introduces unquantified errors in 3D power reconstruction — a structural
limitation that deepens under flexible operation.

| This Work

The 1D+2D PCM method resolves OASIS's structural flaws — decoupled
axial/radial Steps remove CrOSS-aSSmely Coupling and PSF dependenCYJ » shaded area = power deviation from reference state * PCIF ref,
making it inherently suited to flexible operation. Six OAT sensitivity generafed here

|
studies quantify its robustness; a first-order -correction model (M1) :
is validated: E3D <5 % and ERMS <2 % thresholds. E
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Problem Statement

Limitations of the existing 3D Power Connection Method (3DPCM)

Definition — Power Sharing Factor (PSF)

The ratio of the calculated nodal power at node i to the total calculated power
of detector dj, spanning. This is used by 3DPCM to apportion the measured

detector integral among the axial nodes hence intra-detector flux shape
matches the calculated distribution

m m
PSF: = — Yt Pm_PSFiXPdk_ di pc
L cy/. ‘ i - i
Z] edk P] I/] Vi gk
PSF 1. PSF assumes intra—detector flux shape matches the
Inaccuracy calculated distribution.

2. Under flexible operation flux deviates, making the

(Issue 1) ) .
apportionment incorrect.

e —

T a

1.  3DPCM couples adjacent assemblies in 3D.
3D Cross-Assembly 2. Ifpredicted & measured power distributions are different,
Coupling (Issue 2) The node power are not consistent with the own
assembly’s axial power distribution.
et

Both issues worsen under flexible operation — frequent power
ramps and rod movements push the core far from the design-basis
assumptions of the CECOR/OASIS libraries.

1D+2D PCM solves that because it:
1. Decouples axial and radial steps,
2. Eliminates cross-assembly coupling,
3. Suitable for parallel real-time computation.

Solution

m
Pdk
Integration Pf
Value
T T T T .
. -~ Predicted
/. o Pt - 3D PCF
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i Shape :
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=

Source: J. I. Yoon, H. S. Kim, H. S. Woo, and H. C. Lee, "Improvement of 3D Power Connection

Method in the Online Core Monitoring System OASIS," in Proc. Korean Nuclear Society Autumn
Meeting, Jeju, Korea, Oct. 2017.
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= D+2D PCM — Mathematical Formulation

Step 1: axial reconstruction per assembly | Step 2: radial reconstruction for uninstrumented assemblies

Step 1 - Axial Reconstruction (per assembly) _ Reference Plexible Operation State — Axial Power Shape
YGN3 (OPR1000) - Axial Node Structure | S0%FP | Rods out |
m _ pm m SPHINCS Cycle-1 BOC Calculation (100% Power) 14/
2 Pi : PCFi = I'j_q + i+1 Axial Node Structure
24 nodes | Active =381 cm | Reflectors = 2 x 30 cm
m m m c ]
. . P! = K , . . 12
2PCF; - P" = P[*y + Py + aq, - P; . L
Blankety X o 9.05 2
m _ m ankKe: $ .U>am
; = 181 X 9.05 2
z : . PJ Pdk o 10.00 £ 101
JEdg 10.00cm o
20.00 cm é
Where 1810 cm E 081
PCF;: pre-generated power connection factor at node i (from 110am E
calculated distribution). 2o 5
20.00 cm 0.61
P}": measured power at node i (unknown) 1810 cm ,
510 Detector window
P§: calculated power at the node i (known) o 0.4 = Reference (SPHINCS calculated)
20.00cm 5o b ==+ 1D+2D PCM reconstructed Banket
o1 - 1 1 3 - HE g |I — T T T T T T T
aq, :intra-detector power redistribution factor for the k-th detector 20,00 ¢m 2g 38 0 50 100 150 200 250 300 350
(unknown) 1810cm <f Axial Height (cm, bottom to top)
18.10 cm
dj :k-th detector 2000
N;,: the number of radially adjacent node 2000 cm
18.10cm
18.10cm
20.00 cm
10.00 cm
10.00 cm
Blanket X 9.05¢cm
18.1cm $ X 9.05 an_y
Bottom
Grid nodes (9.05 cm) Axial reflector (30 cm)
Transition (10.0 cm) X Blanket zone (zoned batches)
I Fuel node (18.1cm) ICl detector window (D1-D5)

I Fuel node (20.0 cm)
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Presenter Notes
Presentation Notes
In Step 1, the method reconstructs the axial power distribution within instrumented assemblies. The detector measurement provides the integral constraint, while the pre-generated PCF provides shape guidance. The redistribution factor adjusts how the detector information is distributed across the axial nodes so that the reconstruction remains consistent with both the measurement and the physical structure.


1D+2D PCM — Mathematical Formulation

Step 1: axial reconstruction per assembly | Step 2: radial reconstruction for uninstrumented assemblies

Step 2 - Radial Reconstruction (per assembly)

ZNir [4
=1"Lr
PCF; L '

t C

Pi * Ni"r

u Nir u Ni,r m

PCF; - P 'Niﬂ‘ Pi,r - Pi,r
r=1 r=
A B ¢ D E F 6 H J K L M N P R Where

PCF;: pre-generated power connection factor at node i (from
calculated distribution).

N; : the number of radially adjacent node

P}: unknown power of node i

P},.: unknown power of radially adjacent node

P{.: measured power of neighboring instrumented assemblies
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Presenter Notes
Presentation Notes
In Step 2, the method reconstructs the uninstrumented parts of the core using radial relationships with neighboring nodes. The key idea is that the axial problem has already been handled first, so the radial step is not forced to solve both directions at once. This is what reduces the inconsistency seen in the older 3D coupled approach.

Key takeaway: “The method gains robustness by separating axial reconstruction from radial reconstruction.”


®Reference Flexible Operation & PCF Generation

PCF set generated at end of 50 % hold — any deviation from this state introduces synthesis error

Reference Load-Following History (OPR-1000, BOC) Reference State Parameters
|
|
|
|
|
100 ~ I
|
| Time point t=18h
|
|
~ 75 1 | Burnup 25.70 MWD/MTU
> |
-y
g : Reactor power 50 % FP
& I*t=18h
8 | PCF, generated here Boron concentration Nominal (Ab =0 ppm)
g 50
& I Inlet temperature Nominal (AT=0°C)
|
: Control rod position 100 % (all rods out)
|
% - | PCT type Axial PCF + Radial PCF
) |
I 100 % FP (12h)
: Ramp | (6 h)
I SO 1) Any deviation of actual plant state from this reference
I Ramp 1 (21 introduces error in the synthesised 3D power distribution.
0 I I I ! I I
0 6 12 18 2 24

Time (hours)
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Presenter Notes
Presentation Notes
This slide shows the reference flexible-operation history used to generate the baseline PCF set. The important point is that the PCF library is generated at the end of the 50% power hold. That means the fixed PCF is exact only at that reference condition. Once the operating state changes, whether through power level, boron concentration, inlet temperature, or rod position, the reconstruction is no longer using a perfectly matched correction factor. So the rest of the study asks a simple question: how much error appears when we keep using that fixed reference PCF away from the state where it was generated?


Acceptance Thresholds

Based on NRC Reg. Guide 1.126 / EPRI NP-2245 / IAEA TECDOC-1183

E3D — Max Abs Error (%) <5.0 No single node exceeds 5 % error NRC Reg. Guide 1.126
ERMS — RMS Error (%) <2.0 Root-mean-square error over all EPRI NP-2245
4,248 nodes
E2D — 2D Max Abs (%) <5.0 Worst radial assembly error EPRI NP-2245
MAE (%) <1.5 Mean absolute error across core IAEA TECDOC-1183
|Mean Bias| (%) <0.5 Systematic offset — must be near NRC / EPRI
Zero
95/95 Tolerance (%) <5.0 95 % of nodes within limit at 95 % NRC statistical criterion
conf.

Primary criteria used in this study: E3D <5 % and ERMS <2 %. These are the most stringent and widely cited limits for online 3D power
reconstruction. All other metrics serve as secondary diagnostics.
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PCM Method & Implementation

1D+2D Predicted Core Monitor flux reconstruction

HOW 1D+2D PCM WORKS OAT SENSITIVITY PARAMETERS SIMULATION SETUP

STEP 1 — 1D Axial Reconstruction Code: SPHINCS
Axial Fourier fitting maps 5 detector signals Power level 11 levels Core: OPR-1000 | YGN3 Cyele-1
per assembly — 24-node axial power profile. 30— 60 % P
PCF_1D(z) captures axial shape changes. I
- State: BOC | Bu=25.70 MWD/MTU
v
. . Nodes: 177 . X 24 axial = 4,248
STEP 2 — 2D Radial Reconstruction pdess LT asm, = = ava
: — ; Boron concentration 8 levels
Radial PCM distributes measured signals across . Ref.: 50 % FP, rods out
all 177 assemblies in the horizontal plane. +25/50/757100 %
PCF 2D(x,y) captures radial flux shape.
v
STEP 3 — 3D Power Synthesis Tin inlet temp. 10 Tevels
P:D(x,y,z) = PCF_1D(z) x PCF_2D(x,y) +£2/4/6/8/10% ACCEPTANCE THRESHOLDS
x P_measured(detector)
— ERMS, E2D, E3D vs NRC/EPRI thresholds. <29,
NRC Reg. Guide 1.126
n Rod withdrawal p—
KEY QUESTION 91 — 99 % withdrawn '

. . Radial sum error
How robust is 1D+2D PCM reconstruction

when operating conditions deviate from | <5%
the PCF reference (training) state? One-At-a-Time (OAI) — ref: 50 % FP, rods out EPRI NP-2245 / TAEA
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Part A — Fixed PCFo Baseline &
OAT Diagnosis

Studies use frozen PCFo only | establish where the baseline is robust and where it fails

KINGS Reactor Physics & Computational Analysis Lab



Synthesis Power Distribution At Various Power Level

RMS Error — Time vs Power Level (vs Measured) [Power Level Sensitivity] 2D Max Error — Time vs Power Level (vs Measured) [Power Level Sensitivity]
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O
Synthesis Power Distribution At Various Rod Positions

RMS Error — Time vs Rod Position (vs Measured) [50% Power] 2D Max Error — Time vs Rod Position (vs Measured) [50% Power]
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Presenter Notes
Presentation Notes
“This heatmap is the most important one in the OAT set. It shows RMS error as a function of time and rod-position deviation, again across the power-level frames. Unlike boron and tin, the error here grows much more severely as rod position departs from the reference rod-out condition.”
“The physical reason is that rod motion changes the flux and power shape locally and sharply, especially near the rod-tip region. A fixed reference PCF cannot follow that localized reshaping well. So the resulting mismatch is much stronger than the smoother thermophysical effects seen in boron and inlet temperature.”



) .pe s
Inlet Temperature Sensitivity Study

RMS Error — Time vs TIN Deviation (vs Measured) [50% Power] 2D Max Error — Time vs TIN Deviation (vs Measured) [50% Power]
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Presenter Notes
Presentation Notes
“This heatmap shows RMS error versus time and inlet-temperature deviation, again with the animation cycling over power level. Its overall structure is very similar to the boron study: the error field is smooth, fairly symmetric, and increases gradually as the operating state moves away from nominal.”
“That similarity is important. It suggests that the PCF response to this variable is still regular enough to be captured by a low-order adaptive model. In other words, the effect is real, but it is not chaotic or strongly nonlinear within the studied range.”




DBoron Sensitivity Study

RMS Error — Time vs BORON Deviation (vs Measured) [50% Power] 2D Max Error — Time vs BORON Deviation (vs Measured) [50% Power]

+100 {0-20 0.22 0.25 0.27 0.30‘0.33 0.41/0.46|0.49 |0.50 +100 {0-38 0.42 0.48 0.54 0.59 0.68

+7540.10 0.12 0.14 0.17 0.20 0.24 0.31 0.36-

+7510.20 0.23 0.29 0.35 0.43 0.51 0.63‘0.73=

__ +50{0.07 0.07 0.08 0.10 0.12 0.15 0.22 0.26 0.29 0.31 __ +50/0.09 0.09 0.13 0.20 0.26 0.35 0.50 0.59 0.67 0.72
= 0.60 = 1.25

o o

= +25{0.15 0.14 0.13 0.12 0.11 0.12 0.15 0.19 0.21 0.23 = +25{0.31 0.27 0.23 0.17 0.12 0.17 0.33 0.44 0.51 0.56 1.00

= 0.40= 2= =
s 0 {0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 = 2 0 {0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 o
(<5 = [<5) s
Q Q —
S 0.20 = o.50 -
o . o

o o

o o 0.25
oo oo

13 14 15 16 17 18 19 20 21 22 13 14 15 16 17 18 19 20 21 22
Time (hours) Time (hours)

3D Max Error — Time vs BORON Deviation (vs Measured) [50% Power]

+100{0.70 0.75 0.78 0.90 0.92 1.09
+7510.45 0.48 0.56 0.64 0.75 0.84 1.02 1.10-
2.00

__ +501{0.24 0.34 0.47 0.48 0.62 0.74 0.92 0.96 1.05 1.09
£
= +25{0.54 0.55 0.46 0.44 0.42 0.60 0.79 0.86 0.95 1.05 1.50
= =
-2 0{0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 5
s o
=
S 0.50
o
o

13 14 15 16 17 18 19 20 21 22

Time (hours)

KINGS Reactor Physics & Computational Analysis Lab


Presenter Notes
Presentation Notes
“The main result is that the error pattern is smooth and nearly symmetric about the nominal boron state. As boron deviation increases in either direction, the error rises gradually, but it stays within the acceptable RMSE range. That tells us the fixed PCF is sensitive to boron mismatch, but not in a catastrophic way.”



All OAT Sensitivity Studies

Power Level | Boron | Tin Inlet Temperature | Rod Position

Study A — Power Level Mismatch

I Verdict: PASS  40-60 % FP cases pass; Max E3D = 1.09 %.

I Error trend  Symmetric about 50 % FP; best accuracy
at the reference point.

I Physics Flux scales nearly uniformly, so PCF-
shape change stays modest.

I Implication Fixed PCFo 1s robust from 40-60 % FP; no
power-specific update.

Study B — Boron Concentration Mismatch

I Verdict: PASS  All Ab cases pass; Max ERMS = 1.1 % (<2
%).

I Error trend
I Physics

I Implication

ERMS rises with |Ab| then saturates; 40
% FP 1s slightly worse.

Boron perturbs the spectrum uniformly,
keeping PCF changes smooth.

Fixed PCFo tolerates +100 % boron; Ab is
a tertiary driver.

Study C — Tin Inlet Temperature Mismatch

I Verdict: PASS Al AT cases pass; Max ERMS = 0.85 %, 3D
Max <3.70 %.

I Error trend  Matches the boron pattern: symmetric,
monotonic, no threshold.

I Physics Feedback shifts stay mild and global, so
flux-shape change 1s limited.

I Implication  Tin 1s the weakest driver; Fixed PCFo 1s
robust across 10 %.

Study D — Rod Position Mismatch [CRITICAL]

| Verdict: CONDITIONAL EAIL 95100 9% pass; 90-94 % fail; Peak E3D =

17.66 %.

I Localised error High E3D,max with low ERMS indicates a

I Physics

I Implication

localized tip error.

Partial insertion creates local
depression and tilt the reference PCF

misses, , N
Rod withdrawal is the critical OAT
failure; fa-AR 1n M1 1s essential.
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Part B— First-order M1
Validation & Recommendation

Introduced after the Fixed PCFo OAT diagnosis | Study F' compares M1 vs Fixed PCFo on 19
combined cases
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PCF Model Complexity — First-order M1 (0 =5) — Recommended

0 = number of coefficients in the PCF prediction formula

First-order M1 (0 =5) — Recommended 0

PCF(x,y, z; Ab, AP, AT, AR) = Bo(X, ¥, Z) + B1(X, Yy, 2)Ab + B, (x, y, Z)AP + B5(x, y, Z)AT + B4(x, ¥, Z)AR

5

Intercept Boron Power Inlet Temp. Rod
(= PCFo) sensitivity sensitivity sensitivity sensitivity
B 0~ PCF 0

RECOMMENDED — all cases within limits

Notation: X, y = in-plane core-node coordinates; Z = axial node index.

0 counts coefficients, not multiplied terms. M1 uses intercept o plus four sensitivity coefficients pi...ps.
KINGS Reactor Physics & Computational Analysis Lab



Matrix Form of the OLS System: Y=Xf§

5 OAT states att =18 h | 4 parameters | Solved simultaneously for all 4,248 nodes

X p
- o o o (5 X 5) (5 % 4,248 nodes)
Y 1 intercept [ ppm % °C %
(5 % 4,248) : : b AP AT AR
— —_ — I o — —_
PCF, | l = PCF
(no&fnélfw inal) 1 ! 0 0 0 0 Po 0 +9.945e-01
1
|
PCF, | ! Ab
(Abgraﬁ) (ABoron) 1 : +25 Bl ( Ol'OIl) _6 . 97@e_07
|
1
PCF, | = | _ , AP
(AP%\XTéI' APpwer) 1 : 8.0 Bz ( Ower) -1.643e-05
1
|
PCF e : i
(ATi) * " ! | 2 to (i -9.272e-06
1
PCF | I _ A
(AI‘O&)ﬁ 5 (Urod) 1 : 6 i (e, +2.421e-05
- — e I — - —
4

Intercept column — added by construction, not a measured quantity.
PCF = Bol + BlAb + BzAP+ B3AT+ 34AR
At nominal state (A = 0): XB =Bo X 1 =PCFy
Bo therefore stores the reference PCF captured at t = 18 h

Values shown for centre node (axial node z=12, row 7, col 7).
Training uses 5 OAT states at t = 18 h. Each of the 4,248 active nodes has its own [§ vector solved by Istsq.
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E3D Worst-Case Grid: Three-Model Comparison

Slice: AP =+10 %, AR =—8 % | Rows: Ab (ppm) | Cols: AT (°C)
First-order M1 (0=5) — Recommended Extended M2 (0=9) — Overfit

Fixed PCF, (0=1)
e | 2 | | 2 --- ---

-25 ppm 19.89 19.85 19.81 -25 ppm -25 ppm
+0 ppm 19.10 18.98 18.97 +0 ppm 1.75 1.79 1.94 +0 ppm 2.60 3.20 3.72
+25 ppm 19.71 19.64 19.52 +25 ppm 1.80 1.83 2.00 +25 ppm 2.84 3.46 3.99

Limit: 5 % | Fixed PCFo: up to 19.89 % — FAIL. M1: 1.75-2.04 % on this slice — PASS. Extended M2: 2.60-4.03 % here and 7.98 % at the nominal reference — overfitting
Peak Assembly Error E3D (%) — Stage VIII worst-case slice: AP =+10 %, AR = -8 %

First-order M1 (6=5) Extended M2 (6=9)

Fixed PCF, (6=1)
25 4
-25 20 -25 1 L78 1.89 204 -25 2.86 350 6
3
] 5y ¢ g g 12
& 4 A& 104 L75 L79 1.94 r2a & 40 2.60 320 n o
p F10E 3 2 3 i
L1 -2
+25 B +25 1 1.80 1.83 200 125 1 2.84 346
=0 T T T — 0 T T — 0
2 10 +2 2 10 12 - +0 +2
AT(°C) AT(°C) AT (°C)
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¢ SECTION

Conclusions

Summary of Findings
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Validation Summary

For case combined validation metrics for Fixed PCFo vs First-order M1 — Current validation snapshot

OBJECTIVE Fixed PCF, (0=1) VALIDATION BASIS
Quantify OPRTIOOO ID/ZD PCM_error 19 89 0/ Fixed PCFo (0=1)
under off-nominal flexible-operation states. ¢ 0 Frozen at reference; fails when rods move off nominal.

Peak E3D First-order M1 (0 = 5)

0 69 0/ BO aln BlAb IF BZAP + BLAT 1 B4AR

. () .
CORE MODEL Mean ERMS OLSfit | E3D<2.04 %
SPHINCS | YGN3 Cycle-1 BOC FAIL: E3D > 5§ % limit
24 axial nodes | 177 assemblies
4,248 active nodes | Ref: 50 % FP, rods out VAL A VTEL
Bu=25.70 MWD/MTU sheo
[ 10x lower peak E3D | -'l %o lower mean ERMS Deployable model: First-order M1

Validated on 19 cases; max E3D = 2.04 %,
mean ERMS = 0.32 %.

LOCAL-SENSITIVITY RANKING

OAT INPUT RANGES
2.04 % I T T

ﬂ Power level 40-60 % FP 1 Ivs Peak E3D dominant secondary tertiary minor

) — 0.32 %
m Boron 0, +/-25/50/75/100 % 9 Ivls e Erv s NEXT STEPS

AV Tin inlet 0, +/-2/4/6/8/10 % 11 vls

First-order M1 (0=5)

PASS: current validation snapshot (19 cases) * Peaking factor uncertainty: F_Q and F_AH propagation

— * Burnup evolution: re-fit p from BOC to EOC

iti -100 % wi 11 Ivls : .
ﬂ R e Y Thresholds: E3D <5 % | ERMS <2 % (NRC /EPRI/IAEA) + Xenon transient and detector robustness studies

-
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Conclusions
OAT findings (power, boron, tin, rod @ 50 % FP) with combined-case M1 validation reminder

OAT FINDINGS (FIXED PCFo) \
Power-level mismatch Power OAT (40-60 % FP subset) POWER TAKEAWAY

Power-level mismatch
. 1D+ : ..
Across the 40-60 % FP subset, power-level 1D ZI.) PCMis wegkly SR
operating-power mismatch.

mismatch produces a gradual and near-
Lsymmetric error increase away from 50 % FP.

Peak 3D max Peak RMS

235% 0.49 %

PASS: below 5 % E3D across 40-60 % FP

* Across the 40-60 % FP heatmap subset, worst-
case fixed-PCF power error stays at 2.35 % E3D

|L

Rod-position mismatch

At 50 % FP, deep RS insertion is the limiting condition and 0.49 % S.
. . ) . Rod OAT (50 % FP subset)
because it creates a localized peak-error tail during

partial rod insertion. / Peak 3D max Peak RMS M1 VALIDATION REMINDER
OAT DRIVER RANKING 24.74 % 1.39 % ) : )
_ ¢ Boron and inlet-temperature studies remain
Worst-case OAT ~ Rod @ 50 % FP [ moderate (worst-case E3D = 5.24 % and 3.70
3D max error Boronwm \, v, o
th Inlettemp @@ 0)-
across the Power level @ e In the combined -case validation, First-order

ity studics.
iensmwty sdies y DATA SOURCES M1 is recommended: mean ERMS = 0.32 %,
\. max E3D =2.04 %. /
Metric scope Power OAT here = 40-60 % FP heatmap subset.
Rod OAT here = 50 % FP subset. FINAL TAKEAWAY
Power card uses the 40-60 % FP heatmap subset. Presentation also adds boron, inlet temperature, _

Rod card.uses the RS 5(,) 7 ,FP subset.. and 19-case First-order M1 validation. Fixed-PCF 1D+2D PCM is robust to power drift
fresenta;ﬂon exirﬁi th11s'(\£v1tt.h boron, inlet \ ~ but limited by deep rod insertion whereby adaptive
cmperature, an vaiidation. M1 extends robustness over broader operating

variation and is the deployable model.
/ \. W,
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Thank You

Sensitivity Study of 1D/2D Power Synthesis Method
for PWR Flexible Operation

John Caesar Katabarwa - Jooil Yoon™
KEPCO International Nuclear Graduate School (KINGS), Ulsan, Korea

Contact: kjohnthecaesar@gmail.com | 20251207 @kings.ac.kr | jiyoon@kings.ac.kr

Questions & Discussion
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