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Decay heat calculations

 A study of their validation and 
accuracy.
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The UK National Nuclear Laboratory

The NNL (www.nnl.co.uk) was setup in April 2009 from R&D 
departments in subsidiaries of the former British Nuclear 
Fuels (BNFL) owned by the UK Government.

The NNL purposes include:
•  Identifying and preserving key nuclear scientific 
   and technical skills and facilities that cannot
   be reliably supplied by the marketplace.
• Providing independent and trusted technical 
   advice to the UK Government and its agencies.

It consists of  687 staff, 614 of which are professionals 
working in 29 key skill areas.

http://www.nnl.co.uk/
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Why is decay heat important

Important for engineering safety because of temperature 
induced damage to fuel and surroundings, for example

• Reactors

- Will recoverable trips lead to fuel damage
 - Will severe accidents lead to release of radionuclides

• Fuel cycles / direct disposal 
    Storage and transport of spent fuel
    Chemical separation processes 
    Geological disposal
 

     - Handling difficulties due to damaged fuel/waste form 
     - Equipment failure due to boiling/melting
     - Breach of containment releasing radionuclides
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Decay heat

Decay Heat can be calculated from the activities and 
energy release per decay of the nuclides present.

                            H = ∑ Ni λi Ei

In the UK, FISPIN is used to calculate spent fuel 
compositions, using the standard equations:
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Decay Heat Validation

How accurately can decay heat be estimated?
 

• Short term (seconds to days)
 - Reactors
 - Many nuclides important

• Mid term (years to decades)
 - Storage, transport, chemical processing
 - Small number of nuclides important

• Long term (centuries to millions of years)
   - Geological disposal
   - Few nuclides important
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Thermal UOX decay heat split FP+HE
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Short term FP decay heat calculation by nuclide
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Short term validation– U235 (β+γ)
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Short term validation– U235 (β+γ)
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Short term validation– U235 (β)
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Short term validation– U235 (γ)
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Short term validation– Pu239 (β+γ)
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Short term validation– Pu239 (β+γ)
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Short term validation– Pu239 (β)
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Short term validation– Pu239 (γ)
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Existing mid term decay heat validation

Measurements of 24 fuel assemblies reported in 
F. Schmittroth, “ORIGEN2 Calculations of PWR 
spent fuel decay heat compare with calorimeter 
data.” HEDL-TME 83-32 UC-85 (1984)

• Assemblies from 3 reactors; 
   San Onofre, Point Beach and Turkey Point
• Whole assemblies measured.
• Burnup values of 25 to 40 GWd/t
• Cooling 2.4 to 8.2 years
• Enrichments 2.5 to 3.4% Wt% U235.
• Measurements are reported to be ±2%
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SKB Calorimeter design
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Problems with measurements

• 4 results removed due to reported inconsistencies.

• San Onofre stainless steel clad; no data on Co ppm
• Expected to be between 120 and 1200 ppm
   This gives mean C/E on decay heat of

1.09 at 1200 ppm 
1.06 at 1000 ppm 
0.93 at   120 ppm 

 
•Thus unless cobalt content known can’t justify use.

Only 12 measurements could be used for validation.
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Existing decay heat validation
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Recent published SKB decay heat measurements

•  Reference: Svensk Kärnbränslehantering AB, 
 "Measurements of decay heat in spent nuclear fuel at the 
 Swedish interim storage facility, Clab", 
 SKB Report  R-05-62, ISSN 1402-3091 (2006).

•  Swedish Nuclear Fuel and Waste Management  
 Company (SKB) have completed calorimetric 
 measurements on BWR and PWR assemblies at 
 the Swedish Interim Spent Fuel Storage 
 Facility, CLAB, at Oskarshamn.

•  43 measurements of PWR assemblies and 
 66 measurements of BWR assemblies.

•  Estimate of accuracy between 1 and 2%.
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Recent published SKB decay heat measurements

• The PWR assemblies range in 
• irradiation from 19.7 to 51.0 GWd/t 

• cooling from 13 to 23 years and 

• enrichment from 2.1 to 3.4%.

•The BWR assemblies range in 
• irradiation from 14.5 to 46.6 GWd/t 

• cooling from 11 to 27 years and 

• enrichment from 2.1 to 3.1%.
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Recent published SKB decay heat measurements

• This considerably extends the current FISPIN decay heat 
 validation.

• 12 measurements              =>  121 measurements

• PWR                                 =>  PWR and BWR

• Cooling 2.4 – 8.2  years     =>  2.4 – 27 years

• Irradiation 25 – 40            =>  14.5 – 51 GWd/t

• Enrichment 2.5 – 3.4 wt% =>  2.1 – 3.4 wt%
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Modelling assumptions

• Published reactor design information

• 2D slice model through assembly

• WIMS/TRAIL/FISPIN route

• Neutron Cross sections from TRAIL database 
 DB.WIMS172.6A_S5

• Assumptions
•  PWR 500 ppm boron during whole irradiation

•  Structural materials irradiated in same flux level as fuel
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PWR results (1)
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PWR results (2)
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PWR comparison

Reactor         /   # JEF-2.2 
(C/E)

JEFF-3.1.1
(C/E)

Point Beach  /    7 0.99 ± 0.02 0.98 ± 0.02
Turkey Point /    5 1.04 ± 0.03 1.02 ± 0.03
Ringhals 2    /  23 1.039 ± 0.013 1.025 ± 0.014
Ringhals 3    /  20 1.034 ± 0.011 1.021 ± 0.012
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Decay Heat Calculated against Experimental
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Benchmark Document available from NNL

• Report describes
• reactor design

• assembly design

• irradiation information

• assumptions required to complete models

• Should allow others to repeat validation and
• review input data used

• review methods used

• report differences in results from other methods.
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Methods of estimating decay heat accuracy

Can estimate decay heat biases and uncertainties by

•  Comparing measurements of heating to calculation, or

•  Error propagation from radionuclide biases and uncertainties

    Expected heat from nuclide i, hi = Ni(expected) λi Ei 
    
    where Ni(expected) =  Ni(FISPIN) / (C/E bias of FISPIN for i)

    Expected Heat, H = ∑hi    (if considering chemical separation can
                                         still be applied, with chemical df’s)

Assumptions:
•   If no PIE results, assume no C/E bias (i.e = 1) but 100% error.
•   If nuclide is a daughter of one measured assumed same bias 
     and C/E.
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Post irradiation validation of Gösgen samples (ARIANE)
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Decay heat for PWR PIE results

Calculation for PWR UOX 5% 235U enriched, irradiated to 40 GWd/t.
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Results

• Technique gives large uncertainties where decay heat is not 
dominated by measured nuclides.

• Uncertainty ~5% from this general technique is larger than 
PWR assembly heat validation ~1-2%.

• Bias less than 1% when fission products dominate, ≤ 80 years.

• When actinides dominate, the large biases for 241Am(20%) 
and 239Pu (+8%) lead to a over-prediction in heat of up to 12% at 
1000 years.

• At 1x106 years, the bias on 237Np (-18%) leads to a 9% under-
prediction of heat.

• This analysis can only be carried out if PIE exists, for fast 
and ADS systems such data is not available.
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UOX and MOX case comparisons

Thermal MOX decay heat is known to be greater than thermal UOX 
due to higher minor actinide concentrations but

- By how much?

- What uncertainty?

ARIANE included MOX samples

Thus can apply a similar approach to a MOX case

Considering equivalent UOX and MOX cases 

   To 50GWd/t in 5 cycles at 35 MW/t.
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MOX cases                             Preliminary

Years 
cooling

UOX 
heat /W

% 
Bias

% err
1 sd

MOX 
heat /W

% 
Bias

% err
1 sd

  MOXheat  
/ UOX heat

0 2071.513 -0.6 88.7 2034.080 94.1 178.0 0.98
5 1.845 1.8 5.1 5.218 5.1 12.0 3.09

10 1.292 -1.3 4.3 4.257 4.1 9.9 3.68
100 0.651 -10.8 6.5 2.150 11.9 23.8 3.88
500 0.331 -12.4 6.9 0.805 16.7 26.2 2.84

1000 0.204 -10.1 5.4 0.441 13.8 20.9 2.44
5000 0.082 -4.4 4.6 0.126 4.3 13.7 1.58

10000 0.063 -5.1 5.2 0.086 4.5 15.4 1.40
50000 0.015 -6.9 6.8 0.014 6.6 20.4 0.98

100000 0.004 -5.1 6.3 0.006 4.5 17.7 1.73
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MOX and UOX heat                 Preliminary
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MOX/UOX heat ratio              Preliminary
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Differences in decay heat contributions Preliminary

UOX
•5 years

Ba137m 22.8% (7.1E4)
Y90 18.5%
Ru106 13.3%
Cs134 8.0%

•10 years
Ba137m 28.9% (6.3E4)
Y90 23.4%
Am241 15.1%

MOX
•5 years

Pu238 29.1%
Cm244 27.2%
Ba137m 7.9% (7.0E4)

•10 years
Pu238      34.3%
Cm244 27.5%
Am241 12.7%
Ba137M 8.7% (6.2E4)
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More rigorous method?

• The above is a semi-empirical method based upon 
post-irradiation measurements

• Only valid if sufficient PIE is available

• Can we estimated the uncertainties by error propagation

• In the following slides a simple calculation is carried out 
using the following assumptions

• Only capture and fission cross-sections important

• Fluxes and cross-sections taken from FISPIN

• Calculated number densities to within ± 1% of FISPIN

• Uncertainties on cross-sections based upon Mughabghab 
(2006) or “typical” measurements
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Simple UOX calculation-U238  Preliminary
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Simple UOX calculation-U235  Preliminary

At end 
± 4.3 % 
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Simple UOX calculation-Pu239 Preliminary

At end 
± 56 %

In practice 
C/E = 
1.08 ±0.07 
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Simple UOX calculation-Pu240 Preliminary

At end 
± 65 %

In practice 
C/E = 
0.99 ±0.03
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Results

•Large uncertainties occur where production and 
destruction both important or where parent has 
large uncertainty

•Adding production and destruction terms 
uncertainties in quadrature can lead to larger 
uncertainty terms that the change in number 
density

•These estimates of uncertainties for Pu239 and 
Pu240 are much larger than experimental C/E 
studies have shown

•This over estimation is probably due to correlations 
between cross-section uncertainties measured.
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Conclusions

• Decay heat is reasonably well predicted by current codes and 
data where validation exists.  Although improvements still 
possible.

• This validation can be extended using the available PIE data 
on individual nuclides, but these typically give larger 
uncertainties.

• Error propagation could be used to estimate uncertainties on 
decay heat (and number densities) but would require 
understanding of the correlations/covariances between 
evaluated cross-sections, fission yields and decay data.

• It is hoped that such covariance analysis will be part of the 
proposed ANDES EC project.
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