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• For current UK new build programmes, we have supported the Level 3 
PSAs for the applicants

• Also transboundary assessments under Article 37 of the Euratom 
Treaty

• Requires expected levels of contamination of foodstuffs

• None of the codes we had at the time (PC COSYMA had been used for the Level 
3 PSA) gave this an output

• Investigated alternative approaches
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Food-chain models
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• Generic Types of Model

• Multiplicative models
• Uses a series of factors to relate levels of radioactivity in the various 

compartments to people, for example
• [activity ingested] = k1 x [deposited activity]  x k2 x[activity in plant/animal] x = k3 x [activity in food] 

• Where there is a database of values for the transfer factors (kn) for nuclide and each transfer

• Models are simple but give little information on the time dependence

• Dynamic box models
• Progress of radioactivity through the food chain modelled by a series of 

interconnected compartments

• Detail of model is determined by number of compartments to reflect complexity 
needed and information available to validate model

• Models time dependence of activity in each compartment

Food-chain and ingestion models
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• The boxes can represent environmental, plant, or animal 
compartments

• Concentration assumed to be homogenous in each compartment

• Transfer and loss is assumed to be a first order process where the rate 
is the transfer constant multiplied by the inventory in the source box

General scheme of the dynamic box model 
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• The Box Model problem reduces to a set of differential equations

• For Box 1 in previous figure, the activity in that compartment (X1) is given by the 
following differential equation

• This set of n differential equations (one for each box) can be solved in a number of 
ways

• Numerical integration 
• Writing the equation in matrix form and posing as an Eigenvalue problem

1
1 1 12 1 13 1 14 1 21 2 31 3 41 4 

𝜕𝑋𝑖

𝜕𝑡
= −𝜆𝑖 𝑋𝑖 − ቌ ෍ 𝑘𝑖𝑗

𝑛 (𝑗 ≠𝑖)

𝑗 =1

ቍ 𝑋𝑖 + ෍ 𝑘𝑗𝑖

𝑛 (𝑗 ≠𝑖)

𝑗 =1

𝑋𝑗  
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Solving the Box Model problem
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• For the square n x n matrix A, there will be n Eigenvectors such that

• Where m is a scaler – the Eigenvalue

• The time-dependent functions for activity in each box will then be given by

• Where ଴௝ is the jth component of a vector of constants determined by the 
initial conditions

• ௜௝ is a matrix of the Eigenvectors

• ௝ is the jth Eigenvalue

• A  software package like Mathcad for example can be used to determine the 
Eigenvalues, Eigenvectors, and constants for the problem matrix and the initial 
conditions

• https://www.mathcad.com/en

𝑒 𝑒  

𝑋𝑖 (𝑡) = ෍  𝐶0𝑗 𝑒𝜇𝑗 𝑡 𝐸𝑉𝑖𝑗

𝑛

𝑗 =1
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Solving the Box Model problem by finding the Eigenvalues
and Eigenvectors
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• FARMLAND was developed by NRPB 
(now Public Health England) in 1990s

• Model is used in:
• PC COSYMA

• PACE

• PC-CREAM

• PC-CREAM methodology report 
Appendixes A and B describe the 
FARMLAND model

• The box model schemes

• The transfer coefficients
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https://assets.publishing.service.gov.uk/government/uploads/system/upl
oads/attachment_data/file/434637/HPA-RPD-058_June_2015.pdf

Example Food-chain Box Model - FARMLAND
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• Green vegetable

• Grain

• Potato

• Fruit

• Cow (milk, milk products, meat) + undisturbed pasture model
• Iodine
• Caesium
• Strontium
• Non actinides

• Sheep (meat) + undisturbed pasture model
• Iodine
• Caesium
• Strontium
• Non actinides

• Cattle (sheep + cows) + undisturbed pasture model
• Actinides

• No models for tritium or carbon-14
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FARMLAND Foodchain models (in PC-CREAM)
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• Cow model for iodine more complex than that for other non 
actinides and actinides

Example Box Model (the FARMLAND model)
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Developing a stand-alone 
model

Example for iodine in milk
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FARMLAND cow-iodine model
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deposition on soil and grass

FARMLAND undisturbed pasture model
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FARMLAND combined undisturbed pasture – cow model
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Example problem matrix – 18 boxes gives an 18 x 18 matrix for 
which the Eigen values and Eigen vectors need to be found
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Activity in the stomach compartment as function of time =

3.641E-03 x 0.000E+00 x exp( 0.000E+00 t)

+ 1.958E-05 x 0.000E+00 x exp( -4.087E+00 t)

+ 0.000E+00 x 4.256E-07 x exp( -8.641E+04 t)

+ -8.820E-04 x -4.765E-07 x exp( -8.648E+04 t)

+ -2.956E-13 x -4.255E-07 x exp( -8.641E+04 t)

+ 0.000E+00 x -3.106E-15 x exp( -8.640E+04 t)

+ 3.156E-05 x 4.915E-07 x exp( -1.465E+01 t)

+ 4.641E-04 x 6.925E-06 x exp( -5.887E+00 t)

+ 1.501E-02 x -7.629E-01 x exp( -1.277E+00 t)

+ 2.193E-02 x 5.010E-05 x exp( -6.706E-01 t)

+ 1.310E-02 x -3.310E-05 x exp( -2.750E-01 t)

+ -2.136E-01 x -3.499E-05 x exp( -1.517E-01 t)

+ 1.678E+00 x 1.867E-05 x exp( -8.710E-02 t)

+ -2.675E+00 x -1.309E-07 x exp( -8.646E-02 t)

+ 4.930E+00 x 1.795E-06 x exp( -8.653E-02 t)

+ 3.916E+00 x -5.128E-08 x exp( -8.660E-02 t)

+ 0.000E+00 x 0.000E+00 x exp( 0.000E+00 t)

+ 5.062E-01 x 2.252E-02 x exp( -1.384E-01 t)

the 18 constants
The 11th elements of the 18 eigenvectors (the 

stomach is the 11th box)
the 18 

eigenvalues

• An example of the time-dependent functions derived is given below
for the stomach compartment for a 1 Bq/m2 of I-131

• Can be scaled for actual deposited activity

18

Example of the time-dependent activity in a model compartment
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Example compartment time-dependent activity
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Combined undisturbed pasture - cow model 
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Combined undisturbed pasture - cow model 
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Example results using the IAEA Fukushima upper estimate source 
term (atmospheric dispersion with a constant wind direction)
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Example results using the IAEA Fukushima upper estimate source 
term (atmospheric dispersion with a constant wind direction)
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Example results using the IAEA Fukushima upper estimate source 
term (atmospheric dispersion with a constant wind direction)
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Example results using the IAEA Fukushima upper estimate source 
term (atmospheric dispersion with a constant wind direction)
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Example results using the IAEA Fukushima upper estimate source 
term (atmospheric dispersion with a constant wind direction)
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Summary
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• Limitations
• Assumes an instantaneous deposit

• Can’t model continuous discharges by this method

• Advantages
• Time dependence over all time frames can be captured efficiently by a 

relatively small set of constants (18 x 3 for iodine-milk)
• Functions are  a series of exponential terms and so are easy to differentiate or 

integrate
• Can calculate ingestion dose for any integration period
• Can determine – with relatively simple numerical methods – peak concentrations in food or 

when concentration reaches a particular value
• Above method can also be applied to sums of nuclide groups to determine when CFILs 

(food intervention levels) are reached and durations of CFIL implementation

• Once Eigenvalues, Eigenvectors, and constants have been determined for unit 
deposited activity for each nuclide/food group combination, model no longer 
needed and calculations can be performed using a simple spreadsheet 
implementation for example scaling for the actual deposited activities

• Can be used in conjunction with any other model that gives deposited activity 
for a set of radionuclides

• Visualizing behaviour in each compartment may allow greater insights into the 
model

28

Advantages/limitations of an Eigenvalue solution approach
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Further information
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https://eur-
lex.europa.eu/legal-
content/EN/TXT/?uri=CEL
EX%3A32010H0635

30

Transboundary assessments (Article 37 of Euratom Treaty)
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https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A32016
R0052

Levels based on a 
reference level of 1 mSv 
per year from 
consuming 10%  
contaminated food
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Council Food Intervention Levels (CFILS)
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IAEA Fukushima estimated source term
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