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Contents

Title To the audience who......
1) Introduction of fuel cycle (3 min.) needs basic knowledge of fuel cycle
2) Introduction of NFCSS (4 min.) wants to know its purpose and
effectiveness
3) Details of NFCSS (6 min.) plans to use NFCSS
4) CAIN Burnup Engine (13 min.) plans to use NFCSS
5) Decay Heat Calculation (10 min.) needs this area as backend study

6) Radiotoxicity Calculation (10 min.) needs this area as backend study

7) Relation to Deep Geological needs this area as backend study
Repository (5 min.)

8) Actual Operation Video of NFCSS needs practice for NFCSS
Case-1: Reproduce built-in case

Case-2: Create user-specified case

Please watch each section in the following slides.

¢4 They are shown automatically, just after the narration of each slide.
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Open Fuel Cycle

There are 2 fuel cycle types. and Re-conversion to

Open fuel cycle, where spent &
fuels are stored at a final disposal
facility.

U,04 (Natural
uranium).

Closed Fuel Cycle

Closed fuel cycle, where spent fuels nd Re-conversion to

are sent to a reprocessing plant, and U
and or Pu are recycled to reactors.

U;04 (Natural o
uranium).
Milling

!

Mining
’ HLW I}\\
E o

HLW:High Level radioactive Waste

Spent Fuel Storage
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Closed Fuel Cycle (Details)

This figure shows three fuel flows for closed fuel cycle.

Miningand | ¥
milling of U R efiningand | | Enrichment | | Fabrication
™ conversion of U P of U of U fuel

with PuTh/U fuel

1 (1

Top line is a flow for uranium fuel, which is reprocessed at its end.
Middle line is a flow for thorium fuel.
Bottom line is a flow for recycled Pu/Th/U fuels.
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Features of Fuel Cycle Code NFCSS(1/3)

1) Fuel cycle code NFCSS (version-1) became open to public in 2007, and
Version-2 became open to public in 2019. (It is “Free of charge™!)

2) NFCSS includes CAIN burnup engine with built-in nuclear cross section
libraries, and does not need other design codes.

Purpose of NFCSS is;

To provide a fuel cycle evaluation tool for policy makers or institutions,
where design codes are not available.

There are many fuel cycle codes in the world, but open codes (Free-of-charge) are
rare, and most of them need design codes.

Features of Fuel Cycle Code NFCSS(2/3)

3) NFCSS can evaluate fuel cycle by calculating weights of 18 actinides in fuels,
at loading, burn-up, and discharge stage, up to 200 years.

4) NFCSS can handle 8 reactor types, such as PWR, BWR, CANDU(PHWR),
RBMK, VVER, GCR, AGR, including FBR.

5) Applicable fuel cycles are; UO, fuel cycle, MOX fuel cycle, and Thorium fuel
cycle. (Currently, MOX and Th fuel can be applied to PWR&BWR.)

Th fuel can be [UO,+ThO,] or [PuO,+ThO,].

6) Minor Actinide fuel can be evaluated for PWR&BWR, such as [MA+UO,] or
[MA+MOX].

7) One reactor, one country or global fuel cycle with any combination of reactor
types, can be evaluated.

8) Two fuel types, such as [UO,fuel and MOX fuel] or [UO, fuel and ThO, fuel],
can be loaded at one reactor. (currently for PWR&BWR.)
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Features of Fuel Cycle Code NFCSS (3/3)

9) Decay heat and Radiotoxicity of discharged fuel can be calculated by a module

in NFCSS, which utilizes NFCSS output (currently for PWR&BWR).

(Maybe only one fuel cycle code in the world, among open codes (Free-of-charge)

without design codes?)

—Details in Section 5&6.

1

Configuration of NFCSS

Input

Strategy parameters

- Nuclear power projects

- Reprocessing-recycling
strategies

- Reactor mixtures

- Load factors

Fuel parameters
- Ave. discharge burnup
- Ave. initial enrichment

- Ave. tails assay

Control parameters CAl N

- Share of MOX (or thorium lCalCUllat_IDH of
based fuel) in core Actinide

- Lead and lag times for Inventory)

different processes
- No of reprocessing cycles

Output

*  Natural uranium
requirements

«  Conversion requirements

+ Enrichment requirements

« Fresh fuel requirements

+ Spent fuel arisings

*  Plutoniumaccumulation

*  Minor Actinides
accumulation

+ Reprocessing
requirements

«  MOX fuel fabrication
requirements

* Resource reguirements at
each stage of thorium
fuel cycles

I

+ Decay heat
* Radioactive toxicity

Each parameter is explained in next section.
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3. Details of NFCSS

It is strongly recommended to
watch previous Section-2 at first.
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Gateway to NFCSS

NFCSS is available at IAEA site: (Free of charge!)
https://infcis.iaca.org/NFCSS/About

"'QIAEA | anies NFCFOB UDEPO PIEDB NFCSS  Youareng

NUCLEAR FUEL CYCLE SIMULATION SYSTEM About Modeling Example Calculation Scenaridg

Help References

About NFCSS

Nudlear Fuel Cycle Simulation Systern (NFCSS) isf scenario based
computer model for the estimation of nucdear fugl cyde material
and service requiraments. It has been developgtd by the TAEA. The
model has been designed to estimate long-tergh fuel cycle
reguirements and actinide arisings.

The madel uses simplified approaches to cgfculate the fuel oycle
requirements. These simplified approachef make the code possible
to estimate the long term fuel cycle servi

open and closed fusl cycle strategies.

What's New:

New reference [AEA-TECDOC-1864 iff posted.
See it on more content...

& requirements for both

“Help page” and “Reference page”
provide documents (—Next page).
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Documents for NFCSS

[AEA-TECDOC-1535, “Nuclear Fuel Cycle Simulation System (VISTA), 2007.
IAEA-TECDOC-1864, “Nuclear Fuel Cycle Simulations System: Improvements

and Applications”, 2019. (including manual)

“Guide Book for Beginner’s Use of NFCSS”, 2019 (Revised in 2023)

Other templates for Decay heat and Radiotoxicity.

MEATECDOCA435

Nuclear Fuel Cycle
Simufation System (VISTA)

IAEA TECDOC SERIES

Nuclear Fuel Cycle Simulation
System: Improvements
and Applications

Guide Book for Beginner’s Use of
NFCSS

Supplement to L4EA-TECDOC-1564

Revision D1

RIK-=RBREFEKAERL
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Input and Output of NFCSS

Input

Strategy parameters

- Nuclear power projects

- Reprocessing-recycling
strategies

- Reactor mixtures

- Load factors

Fuel parameters

- Ave. discharge burnup
- Ave. initial enrichment
- Ave. tails assay

Control parameters

- Share of MOX (or thorium
based fuel) in core

- Lead and lag times for
different processes

- No of reprocessing cycles

CAIN

(Calculation of
Actinide

Output

+  Natural uranium

+  Conversion requirements

+ Spent fuel arisings
* Minor Actinides

+ Reprocessing

requirements

+ Enrichment requirements
« Fresh fuel requirements

*  Plutonium accumulation
accumulation

requirements

+  MOX fuel fabrication
requirements

+ Resource requirements at
each stage of thorium
fuel cycles

Inventary)

L

+ Decay heat
* Radioactive toxicity
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Sample Input of NFCSS

g;_;)“\E,q | mFcs NECFDB

PIEDE NFCSS vosReka, kisus &) @

MNUCLEAR FUEL CYCLE SIMULATION SYSTEM About Modeling Example Cs
Soenarnlist | Fueltlst | RAeactor st | Sellected Scenaria (14826)
NFCSS Scenario Data Page

ReactorType: FBR-core, Scenario Perind: 2000 - 2020 | IMPORT SCENARIO DATA | |_P.LSEI FORM | SAVE DATASET |
1330MWe

GEMERAL CHARACTERISTICS FUEL TYPE 1 YPEZ FUEL COrCLE INITIAL VALUES

Enrichment 2f Discharge Burnup #f ews Reprocessing Ratio 21
Data Year
m ik w il o1 il

2000 0.132 100 0

2001 9.132 (E)1AEA | mecs NFOFDB UDEFO PEOR NFCSS  osionname @ @

. = NUCLEAR FUEL CYCLE SIMULATION SYSTEM Mbcut Modaling Exsmple Caloulstion Scenarios Halp Rafersnce

2002 3

— 3.13 NFCSS Chart - Discharge Burnup 2f

s hage Dy 2
2004 9.132 Format Chart
(|
1 Y 2
2005 9.132 ’ 2
! pe
() Bar (@) Line
2008 9.132
2007 9,132 =
axis M Max & 0Of Grid
2008 9.132 s : = 3
v o
| REFREEH CHART | DOWNLOAD CHART

Inputs are shown in tables and in graphs.
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Material Flow Diagram of NFCSS

NFCSS Nuclear Material Flow Result

Reactor Type :PWR-3batch

Select a year to see the result for! | 2015 r\
Ore MINING Nat U CONVERSION UFs ENRICHMENT Dep U np 1 e
— &
178436 t MILLING s 75t 1T5t | 103.8 MTSWU 15741 \\
NztU-Eg + i
00.0 t uoZ=000t Ear ) Dep U Stock
19.7
uu.ulxm-nl: ! 12388t
e i r
5 Rep U Rep Pu Stock RepPuy 7T »|  FABRICATION Dep U
' 0.0t 00.00 tes= 00.00 t - 127t 00.0t
i 3
N Rep Pu Fusl 2 Fusl_1
] 00.00 t Rep. POOL Cool. POOL g0t 197t
J 4 F
] SFR 2 | o000t 00.0t SFRS_2
| Rep U Stock Rep U REPROCESS. [ 000t ' 5001 | REACTOR| Fower =1,000.0 Mwe .
000t 000t 000t | g SFRI RSl 508t | Becwiciy=Toos0GWR
: 00t | 000t 00.0 t 000t
] MA
] 00.00 t FP SFS_2 SFS_1
' MA Used - -
TS Suydytycipopl S S 00.00 ¢ 000t 197t
00.00 t r r y v
MA Stock FP Stock SF STORAGE
00.000 t 00.000 t 98.3 ¢
ILWVolume = 00.00 m3 (%)
HLWVolume = 00.00 m3 (**)
{***) The stock value goes minus. That means the material is not enough. However NFC 55 continues to use material!

Outputs are shown in figures, and..... 8




Material Balance in Excel Format

Reactor Type: PWR-3batch
Fuel: PWRUOX 1

Beginning of Cycle | End of Cycle

NFCSS Isotopic Composition Result S\\

After Cooling \m_

Import Beginning of Cycle Table

DataYear Enrichment Bumup U235

2010 400000 4500000 4.00000

2011 400000 4500000 4.00000

2012 400000 45.00000 4.00000

2013 400000 45.00000 4.00000

2014 400000 45.00000 4.00000

2015 400000 4500000 4.00000

2016 4.00000 4500000 4.00000

2017 400000 4500000 4.00000

2018 400000 4500000 4.00000

2019 400000 4500000 4.00000

2020 400000 4500000 4.00000

2021 400000 4500000 4.00000

2022 400000 45.00000 4.00000

2023 400000 45.00000 4.00000

U236

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

0.00000

238 Np237 Pu238 Pu239 Puzd0 Pu241 Puz4z Am241  Am242m  Am243  Cm242  Cm244  TotPu TotMA

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 000000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 000000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 000000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 000000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

96.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Outputs are shown in tables, and can be downloaded as Excel sheet.
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Special Treatment at BOL & EOL

NFCSS assumes annual refueling, but initial core at Beginning-of-Life and
decommissioning at End-of-Life are assumed as below.

See detail in p.171 of TECDOC-1864.

Reactor Core Cenfiguratien in Mermal Operation of a Reactor

1
: e —
1
1

Initial core fuels
are loaded. (%)

| I I I | =] | —*
Cycle 1 F3 k] [l H [ — i — 11 n
Reactor Discharges
[ | ] I | ] | —
=
Cycle 1 3 k] 4 5 [ =i i — n-1 n All ﬁlels are

Initial Core Fuel Dis,
E?" Equiliterivn Fuel Dis.

Final Core Dischagge diSChaI‘ged.

Initial enrichment is assumed as 70% of reload fuels.) 20




Fast Reactor Simulation

NFCSS can handle a Fast Reactor (FR) by 3 separate reactors, such as Core, Axial
blanket, and Radial blanket.

After executions of 3 reactor simulations, they are integrated as a whole FR
simulation.

See detail in p.120 of TECDOC-1864

Radial
Core Blanket

Axial Blanket

21
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4. CAIN Burnup Engine

See detail in P.174 of TECDOC-1864
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CAIN Burnup Chains for U-Pu cycle

CAIN burnup engine with built-in nuclear cross section libraries adopts the
following U-Pu burnup chains, and does not need other design codes.

sagm| T, lﬁ‘}’ o

Short lived nuclides (half life b o £
<8 days) are skipped, and 1168% | |
long-lived nuclides(>400 y) 044ty [y % AR
are assumed as stable. r | T
Uy i

1 I B decay
TiNp ‘
i & 11,31
1 Nuclide|——
Wy L B oE Ea ) (np)
o decay
p* decay
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CAIN Burnup Chains for Th cycle

CAIN burnup engine adopts the following Th burnup chains.
Np-237

U-233 |__,| U-234 |__| U-235 |_,| U-236 /
Pa-233 / Beta decayT
i Capture

Th-232 / Fission path is not shown.

So, totally 18 nuclides are considered:

Th-232, Pa-233, U-233, U-234, U-235, U-236, U-238, Pu-238, Pu-239, Pu-240,
Pu-241, Pu-242, Np-237, Am-241, Am-242m, Am-243, Cm-242 and Cm-244.

24




Bateman’s Equation in CAIN (Decay only)

Most simple case, where only 2 nuclides exist, is shown below.

decay or decay or

m— absorption absorption

Bateman’s equation of nuclide-1 is below: For nuclide-2, which is generated only

dN,/dt=-A, N, by decay, equation is given as;
dN,/dt=-A,N, + A, N,
Solution of this equation is as follows.
N, Its solution is below.
N;=N,"exp (=1, ¢t) N, =N,%-exp(—A,t) + N,° A /(A -
N,° : Atomic concentration of nuclide-1 A)-lexp A, t)—exp (=4, 0]

at time zero, (Assuming initial N, =0)

A | : Decay constant of nuclide-1
(A=0.693/T,,, , where T, , is half-life in sec),

t : Irradiation or cooling period (sec).

25

Solution of Bateman’s Eq. (Decay only)

N, =N,"exp(-=4,10

Concentration §
N, =N, A /( A 2" A 1) [exp(— A 1 t)\\\
—exp(=4, )]

Time (sec)

26




Bateman’s Equation (Absorption only)

If transmutation is caused by neutron absorption, previous equation is modified,
assuming constant cross section and constant neutron flux throughout burnup:

1024 cm?(=1barn),

N;=N"exp (-0 ¢ 1)

N, : Atomic concentration of nuclide-1,

0 , : Absorption cross section of nuclide-1,

¢ : Average neutron flux, n/cm?/sec.

Solution of this equation is as follows.

t : Irradiation or cooling period (sec).

For nuclide-2, which is
generated only by absorption,
equation is given as;
dN,/dt=—0,6 N, + 0,0 N,
0, Absorption (fission+capture)
0 ,: Capture

Its solution 1s below.
N, =N,%-exp(—0,t) + N,°
0,/(0,-0 ) [exp(-0,¢t)-

N,° : Atomic concentration of nuclide-1 at time 0 exp (=0, ¢ 1)]

(Assuming initial N, =0)

27

Generic Bateman’s Equation

Generic burnup chain, Bateman’s equation, and its solution are as follows.

1\1 P ‘\2 ﬁ llllllllll’ Xn ﬁ
decay or decay or decay or
absorption absorption absorption

dN

dt i

el -E[J\.ji +U§¢J]Ni +Z[)""i + oﬁcp]Ni

1=1

Decay N, =Crexp(-ht) + Caexp(-Aat) ==+« + Chexp(-—hnt)

C1=N1%[Mda2 ** *daa] / [(Ra-M1)* (ha-M1)* * * (Aa-A1)] | Actual solution
Co=N1" [k« *hu1] / [(A1-22) s (As-h2) = * - (Mu-A2)| | is combination

Absorption Co=

of these two.

Nu=Ciexp (o1 ¢t) + Crexp (o2 ¢ t) =+ + Caexp (—ond t)

C1=N:"[6102 * * *On1] / [(62-G1) * (63-G1)* * * (0u-G1)]
C2=Ni"[6162 * * *on-1] / [(61-62) * (63-G2) * * * (Gu-G2)]

Ch=

28




Assumption to Solve Bateman’s Equation

Bateman’s equation can be solved analytically only cross sections and neutron
flux are constant in burnup period.

Cross sections are provided as system library of NFCSS.

Reactor U0, fuel MOX fuel | ThO, fuel” | MA-containing™
PWR O O ®) O
BWR O O O O
PHWR O |
RBMK O User can add any A
VVER O C{uel library.
GCR O
AGR O
FBR-core @) *1:[UO,+ThO,] or [PuO,+ThO,].
FBR-blanket @) *2: [MATUOz] or [MA+MOX]. .

29

Neutron Flux

Constant neutron flux can be derived by the following formula.

¢ =SP/[1.602x 10" X 2(Ni - 0i-Ri)] See p.183 of TECDOC-1864
SP : Specific Power (MW/ton),

¢: Neutron flux (n/cm2/sec),

Ni : Number of nuclide-i (in 1-ton fuel),

oi: Fission cross section of nuclide-i (10-24 cm2),

Ri: Fission energy of nuclide-i (typically 200 MeV/fission),
1.602 x 10-1%: Conversion factor from MeV/sec to MW.

Since this formula can be solved iteratively, users must input an initial guess
of neutron flux.
And, NFCSS output is a converged value. (See p.131 of TECDOC-1864)

30




Why is Constant Neutron Flux OK?

CAIN model

Actual @

v

Time or BU

A

5%

U235

See detail in p.183 of TECDOC-1864

Actual trend

3
.
.
.
-
-
-
-
-
-
S
3

0..
3

.
L3
3
3
3
‘e
3

v

Time or BU

Since neutron flux (¢ )is smaller at BOC, U235 decreases slowly at first.

Then, ¢ becomes larger at EOC, and U235 decreases rapidly.

There is a principle: 1 gram fission = 1IMWD. (—40GWd/t = 4%fission)
For example of 40 GWd/t fuel case, 5% U235 at BOC decreases to 1% at EOC,

regardless of trajectory.

Only discharged point is used in fuel cycle, constant neutron flux is justified.
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Why 1s Constant Cross Section OK?

ORIGEN-2 provides burnup dependency of fission cross sections ( 0 ;).

When fissile material decreases by burnup, neutron spectrum becomes softer,

and it affects an average O ; slightly.

But, its effect is small, and 0,

can be treated as constant, as is

shown here.
=
=
o

Fission cross section vs. Burnup

120
! Pu2dl
100 [~ Pu3
80
60 -
U235
40
20 +
0 Ref.) “ORIGEN2 Evaluation” by Y. Yoshida, et al. 2004
0 5 10 19

Burnup (GW D/g-atom)

20
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Initial Enrichment of UO, fuel

In order to input the enrichment of UO, fuel, a detail design code is required.

So, for users who do not own design codes, NFCSS provides the relation curve for
specified discharge burnup.

80 1 T T T " 1
If users do not specify enrichment,

o 0r 7 then this curve is used in NFCSS.
S
= 60F 7 Of course, users can input enrichment
% 501 PWR & BWR | if they have confident value by design
o codes.
g 40 -
M
& 30+ pHWR 4
g
5 20F _
A 10lGCR \ i

| \_ RBMK & AGR See detail in p.182 of TECDOC-1864

0 1 1 L ] Il i 1 | 1 ]

o 1 2 3 4 5 6
Initial Enrichment (wt%)

33

Initial Fissile Content of MOX fuel

As for MOX fuel, the above UO, process is not provided.

So, for users who do not have design codes, the following curve is recommended.

14

—

Fiy
]

S &
E 8 / —— T235(%)
£ —8— Put(%)
O
o
5 J/Y"

4

2 g

See detail in p.182 of TECDOC-1864

0 20 41 &0 20
Burnup {(Gw dit)
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Verification of CAIN & NFCSS

1) Burnup calculations by CAIN are verified by ORIGEN-2, and its accuracy is
1-2%.

Also, it is verified by other design codes.

2) Burnup calculations for UO, fuels are verified by the actual measurements

for PWR and BWR fuels.

3) Material balance (Material flow diagram) is verified by other fuel cycle codes.

4) Details are shown in TECDOC-1535 and TECDOC-1864.
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S. Decay Heat Calculation

See detail in Chapter-6 of TECDOC-1864
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Introduction of Decay heat

Decay heat is one of important parameters for safety assessments in reactor
accident analysis and spent fuel management.
Decay heat is generated due to the decay of actinides and fission products (FP),

and thus it depends on fuel types/burnup and so on.

NFCSS is a unique fuel cycle code, where decay heat calculation of discharged
fuels is integrated.

At this moment, decay heat can be calculated to PWR and BWR for UO, fuel,
MOX fuel, and ThO,-fuel.

37

Calculation Method for Decay Heat

ORIGEN-2 code was applied with original libraries from ORNL
[Ref.] A. G. Croff, A Users Manual for the ORIGEN-2 Computer Code, ORNL/TM-7175, 1980

U-PWR-core: 4wt%U235+96wt%U238.
Th-PWR-core: 4wt%U233+96wt%Th232.

MOX-PWR-core: 7.50wt% Pu-total (019%Pu238, 4.10%Pu239, 1.96%Pu240,
0.71%Pu241, 0.54%Pu242, 92.50%U238)

Rated power density =39.2MW/T

Output of decay heat by ORIGEN-2 is “Watt/tonHM” (HM:heavy metal weight).
Fuel is burnt up to 45GWD/t, and then decay is calculated from 1-sec to 1-million

years.

38




Decay Heat Module

NFCSS

NFCSS

BRI K- = RBREF KRR

Decay heat calculation

Output can be downloaded to users

T PC, as Excel sheet of 1-year to a

million year after fuels are discharged.

NFCSS Scenario Page

SCENARIO CODE ~ SCENARIO PARAMETERS ~ CALCULATION AND RESULTS

Reactor Type Fuel Type 1 Fuel Type 2 Material Flow

Th-LEU-1-PWR PWR2 LEU +Th BHMN

Scenario Period: 2020 - 2080 Make All IC Calculations |
)

f-%E9- .

Deacy Heat

<

@

Radiotoxicity

Make All MF Calculations

{ Caleulate Overall Material Flow ] B - %5F

Buttons for decay heat & radiotoxicity calculation

= NFCSS_Decay_Heat (2).xisx
Open file

=3 NFCSS_Decay_Heat (1).xlsx
™ Open file

See more

with pop-up window for download. ==

39

Component of Decay Heat (U-core)

1.E+05
L.E+04 Solid: Total |
= HEDotted:FP
LEH03 = L
s A Dashed:Actinide
—Hm
1.E+02 5

1 \
\
\
LE+01 \

Years after shutdown

% 1.E+00 \ \
Z ’ ‘\\ o
% 1.E-01 b
E - “\
= S e
§ LE-02 e
| FP is dominant up to 50years. o
.,
I-E-OS | . . . . 5
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PWR vs BWR

Since decay heat (or radiotoxicity) depends on the amount of fissions per weight
of Heavy Metal (HM), PWR and BWR give almost identical results.
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Accumulation for All Discharged Fuels

Decay-heat of discharged fuel at a certain year must be accumulated at a disposal

facility.
Therefore, decay heat of all discharged fuels must be added at a certain year-X.

Discharged fuel Decay-heat of discharged fuel.
1 2 3

Decay heat curve
RN
e
™~
[~
. L
Year-1 2 3 year-X
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One Assumption in Calculation

Decay-heat of discharged fuel are stored only at a standard burnup of 45GWd/t.
Therefore, it is assumed that they are linearly proportional to discharged burnup.
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Decay Heat for Short Range

(% Rated vs. Days) Dotted: U-core(U219-library)
Solid: Th-core(Th213-library)

6
|

ol

Since fuel cycle is longer
than 1-year, these data are
not used in NFCSS.

~

N

Decay heat (%rated)
w

—_

0 L L L L
1.E-05 1.E-04 1.E-03 1. E-02 1. E-01 1. E+00

Days after shutdown

Th-core is 10% higher than U-core up to 1day, where is important for
accident analysis.
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Decay Heat for Long Range

(% Rated vs. Days)
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Verification of Decay Heat

1) Decay heat calculations by NFCSS are verified by experiments and other
preceding papers.

2) Details are shown in TECDOC-1864.
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Decay Heat of Onetime Discharge

Decay heat of UO,/ThO,/MOX fuel (Watt/t-HM) after discharge, for 45GWd/t
burnup fuel in IGWe-PWR (or BWR).
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Accumulated Decay Heat

Accumulated decay heat of UO,/ThO,/MOX fuel (Watt/t-HM) for 40-times
discharge, after 40-years operation of 1GWe-PWR(or BWR).
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Decay heat of MOX is larger than UO,, because actinides contribution is dominant at
these period, and there are more Pu and MA(Minor Actinide) in spent MOX fuel.
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6. Radiotoxicity Calculation

See detail in Chapter-7 of TECDOC-1864
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Introduction of Radiotoxicity

Radiotoxicity is the required information for managing spent fuel in temporary
storage facilities or in geological repositories for permanent disposal.

Since radiotoxicity is caused by the decay of actinides and FPs, and thus it
depends on fuel types/burnup and so on.

NFCSS is a unique fuel cycle code, where radiotoxicity calculation of discharged
fuels is integrated.

At this moment, radiotoxicity can be calculated on PWR and BWR for UO, fuel,
MOX fuel, and ThO,-fuel.

: Radiotoxicity is an index of toxicity, when a nuclide is taken
! into a human body and causes internal radiation exposure.
i (That is, external exposure is not considered.)

As paths for internal expose, ingestion through mouth by
i drinking radioactive water etc. is considered. (That is,
i inhalation by breathing is not considered.)




Radiotoxicity Module

; . NFCSS
| BTk =HBETRAER
NFCSS Radiotoxicity calculation
fun Output can be downloaded to users

T PC, as Excel sheet of 1-year to a

million year after fuels are discharged.

Same as decay heat calculation.

51

Calculation Method for Radiotoxicity

ORIGEN-2 code was applied with original libraries from ORNL
[Ref.] A. G. Croff, A Users Manual for the ORIGEN-2 Computer Code, ORNL/TM-7175, 1980

U-PWR-core: 4wt%U235+96wt%U238.
Th-PWR-core: 4wt%U233+96wt%Th232.

MOX-PWR-core: 7.50wt% Pu-total (019%Pu238, 4.10%Pu239, 1.96%Pu240,
0.71%Pu241, 0.54%Pu242, 92.50%U238)

Fuel is burnt up to 45GWD/t, and then radioactivity is calculated from 1-sec to 1-
million years.

Since ORIGEN-2 provides Radioactivity, it must be converted to Radiotoxicity
(in Sievert) by the following formula.

Radiotoxicity [Sv] = Radioactivity [Bq] * DCF [Sv/Bq]

Here, Radioactivity [Bq]= Radioactivity [Curies] x 3.719 , and

DCF= Dose Conversion Factor (or Dose Coefficient), which are shown in the

references.
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Accumulation of Discharged Fuels

Radiotoxicity of discharged fuel at a certain year must be accumulated at a
disposal facility.
Therefore, they must be added at a certain year-X.

Discharged fuel Radiotoxicity of discharged
1 2 3 fuel.
N
Y
\\
4
Year-1 2 3 year-X

Same as decay heat calculation.

Component of Radiotoxicity

FP is dominant up to 50years.

After that, actinides is dominant.
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Radiotoxicity of Onetime Discharge

Radiotoxicity of UO,/ThO,/MOX fuel (Sv/t-HM), after discharge, for 45GWd/t
burnup fuel in IGWe-PWR (or BWR).
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Accumulated Radiotoxicity

Accumulated radiotoxicity of UO,/ThO,/MOX fuel (Sv/t-HM) for 40-times
discharge, after 40-years operation of 1GWe-PWR(or BWR).
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Radiotoxicity of MOX is higher than UO,, because actinides contribution is dominant

at these period, and there are more Pu and MA(Minor Actinide) in spent MOX fuel. 56




Verification of Radiotoxicity

1) Radiotoxicity calculations by NFCSS are verified by preceding papers.

2) Details are shown in TECDOC-1864.
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Deep Geological Repository (DGR)

Deep Geological Repository (DGR) is an excavated underground facility that is
designed for safe and secure permanent disposal of radioactive waste. (by NRC)

There are 2 types DGR as follows;
(1) Direct disposal of spent nuclear fuels (open fuel cycle).

(2) Disposal of vitrified waste from spent fuel reprocessing (closed fuel cycle)

e - e e

Ventilation Shaft

Headframe Building

Details of DGR is shown in references, such as [“Planning and Design
Considerations for Geological Repository Programmes of Radioactive Waste”,

IAEA-TECDOC-1755, 2014]. 55

Data from NFCSS(1/2)

This tutorial is not to provide knowledge on whole DGR, but only provide what
kind of data can be provided by the fuel cycle code NFCSS for DGR study.

These data are as follows;

(1) Open fuel cycle case

Annual amount of discharged spent fuel (ton)
Actinide concentration of spent fuel (wt%)

Decay heat of spent fuel (1 year to 1 million year, after discharge)
Radiotoxicity of spent fuel (ditto)

Since NFCSS provides discharged weight, it is required
to divide it by [weight/assembly] to get discharged

assemblies.




Data from NFCSS2/2)

(2) Closed fuel cycle case

Annual amount of discharged spent fuel (ton)

Actinide concentration of spent fuel (wt%)

Reprocessing amount

Recycled Pu amount

Stored MA amount

Stored HLW amount

The following 2 data for MOX fuel.
Decay heat of spent fuel (1 year to 1 million year, after discharge)
Radiotoxicity of spent fuel (ditto)

Component of Decay Heat

Decay heat is an important parameter for DGR design.
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Thank you for your attention!
Any questions/comments?
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