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ABSTRACT 

 

As part of the decommissioning and dismantling process of nuclear facilities, waste is stored in various 

storage containers. During the handling of these storage containers, a fire may occur and radionuclides may 

be released from the containers because of fire. In this paper, we show how to perform an impact assessment 

for this scenario. For this purpose, we first assume three possible fire events, which differ in terms of the 

timing of extinguishing measures. Based on the corresponding fire temperature curves, we derive the 

boundary conditions for a heat penetration calculation. Based on the results of heat penetration calculations 

using the finite element method, we can use correlation functions to determine the release fractions of 

selected radionuclides. To estimate the dose exposure, we perform a dispersion calculation using a 

Lagrangian particle trajectory model. It turns out that a significant proportion of the release occurs after the 

end of the fire and that early firefighting can contribute to reduce the release significantly. 

 

INTRODUCTION 

 

During the decommissioning of nuclear facilities, radioactive waste is produced by dismantling processes 

and stored in different storage containers depending on the type of radioactive waste. In the context of the 

German waste management strategy, a distinction must be made between waste containers that meet the 

requirements of the Federal Office for Radiation Protection (BFS) (2010, 2010a, 2010b) and waste 

containers that do not meet these requirements. The latter are, for example, 20' containers used in the context 

of interim storage for short term temporary storage before the final conditioning steps. According to 

ESK (2021), all permanent and temporary fire loads (e.g. forklifts in the course of transport operations) 

must be taken into account in the investigation of potential thermal effects on stored containers as part of 

the safety analysis. While permanent fire loads are largely avoided in order to reduce the fire hazard, 

temporary fire loads can occur in particular during transport operations and can have a thermal effect on 

the stored containers in the immediate vicinity in the event of a fire. The fire of a transport vehicle (e.g. 

forklift truck) represents a corresponding scenario. 

 

The release of radioactive substances from storage containers due to thermal effects depends on the 

heat flow that heats up the container and on the duration of the fire. The heat conduction within the container 

is influenced by the design of the container and the thermal properties of its internals, and finally quite 

importantly by the properties of the radioactive waste itself. The heating of the radioactive waste can lead 

to the release of radioactivity, which can be attributed to several processes. For example, according to 

ESK (2021), the processes of evaporation, pyrolysis and sublimation must be considered. All these 

processes are highly dependent on the local temperature of the radioactive waste and other boundary 

conditions such as oxygen supply. 



 

26th International Conference on Structural Mechanics in Reactor Technology 

Berlin/Potsdam, Germany, July 10-15, 2022 

Division IX 

In addition, the temperature inside the radioactive waste and the release of radioactivity to the 

environment is influenced by the thermal insulation and the integrity of the storage container. Radioactive 

waste in a 20' container can heat up faster than radioactive waste stored in high-level storage containers 

(e.g. for fuel assemblies, etc.), which usually have better thermal insulation. For this reason, fire loads for 

20' containers generally represent sensitive parameters. Therefore, the relevant boundary conditions must 

be determined for the respective scenario and possible fire progressions must be taken into account. In this 

context, the available fire protection infrastructure, e.g. the response times of the plant fire departments, 

can also play a relevant role.  

 

In the present work, we will first determine a covering fire scenario and present a conservative fire 

curve for it. By means of thermal structural analyses with the finite element method, we perform the 

calculation of local temperature curves inside the radioactive waste with the required accuracy. Based on 

these curves, we use known correlations for release rates to integrate the radioactive release over time. Once 

the temperature distribution is known, the time-dependent release rate of radioactivity can be calculated 

and a potential total exposure for the population can be determined. 

 

SCENARIO MODELING 

 

A general model that takes into account all affected sub-processes does not exist. In this respect, the 

calculation of the present scenario consists of different submodels, in which the result of submodel 𝑛 is 

used as the source term in submodel 𝑛 + 1. It is possible that the quality and complexity of the individual 

models deviate from each other. This must be taken into account when interpreting the results and, if 

necessary, when selecting model parameters. The individual partial steps (models) for the present case are 

shown in Fig. 1. 

 

 
Figure 1. Sequence of the impact analysis based on three coupled models 

 

Fire Scenario 

 

In the present case, we take the fire of a forklift truck as the dominating fire case. Such forklift trucks are 

often used in connection with transport and handling operations of 20' containers and usually represent the 

highest temporary fire load in storage areas. The type and size of these transport vehicles can vary greatly 

depending on the corresponding logistics concept. The main fire load of such a vehicle is represented by 

the operating fluids (e.g. diesel fuel, hydraulic oils) and the tires. For the purpose of this study, we assume 

that the fuel tank is damaged and that the corresponding pool is ignited. We also assume that this pool is 

located directly at the 20' container. 

 

  To measure the thermal impact of the pool fire, we use the hydrocarbon curve. This is a normalized 

temperature-time curve for fires of hydrocarbons, which was originally developed in the 1970s for industrial 

and off-shore plants. The course of the fire curve is calculated according to DIN EN 1991-1-2 (2010): 

 

Fire Scenario
(Fire Modelling)

Heat penetration and 
determination of 
release fractions

Dispersion 
Modelling
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𝑇𝑔 = 1080 (1 − 0.325 𝑒−1.67 𝑡 − 0.675 𝑒−2.5 𝑡) + 20, (1) 

 

where 𝑇𝑔 describes the gas temperature in the fire room in °C and 𝑡 the fire duration in minutes. For the 

present case, we consider three different scenarios. In the first two cases, existing fire protection boundary 

conditions (intervention of the plant fire department after 5 min or the public fire department after 10 min) 

are taken into account. In the third scenario, we assume a fire with a duration of 30 min. The different fire 

sequences are shown in Fig. 2. The extinguishing effect in scenarios 1 and 2 has been taken into account 

by an empirical factor from vfdb (2020). It should be noted that the application of the hydrocarbon curve 

in the present case is a very conservative assumption. In individual cases, specific investigations may lead 

to significantly lower temperatures. 

 

 
Figure 2. Considered fire progression curves: blue: without consideration of extinguishing measures; 

gray: consideration of a plant fire department (intervention time 5 min); orange: consideration of the 

public fire department (intervention time 10 min). 

 

Heat penetration and determination of release fractions 

 

The release of radioactive particles from waste packages under thermal load conditions is described by 

nuclide-specific, experimentally determined temperature-dependent release rates 𝑘(𝜃), depending on the 

mechanism for the release and therefore on the type of waste (metallic waste, mixed waste, concentrates). 

These release rates include both, the mass transfer into the gas phase and its transport process in the waste 

product. The release of the nuclides in the waste product can be described in a simplified way by the 

following differential equation for the nuclide concentration 𝑐(�⃗�, 𝑡) in the waste product: 

 

𝜕𝑐(�⃗�, 𝑡)

𝜕𝑡
=  −𝑘(𝜃) ⋅ 𝑐(�⃗�, 𝑡) (2) 

 

To solve this equation, the time-dependent three-dimensional temperature distribution 𝜃(�⃗�, 𝑡) in 

the waste product must be known. We calculate the temperature distribution using the finite element 

calculation program ANSYS 2021 R1. As a result of these calculations, in each finite element 

 𝑖, 𝑖 ∈ (1, . . . , 𝑁𝐸) of the model describing the waste product the mean temperature 𝜃(𝑖,𝑗) at time 

 𝑡𝑗 ∈  (0, . . . , 𝑁𝑇) is known. Accordingly, the above differential equation can be decomposed into a set of 

𝑁𝐸 differential equations, where 𝑚𝑖 = 𝑉𝑖 ⋅ 𝑐𝑖 represents the mass of nuclides in the volume 𝑉𝑖 of element 𝑖. 
Here, we assume that the nuclide under consideration is initially homogeneously distributed in the waste 

product, i.e., its concentration 𝑐 is constant in the waste product before the thermal load. 
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𝑑𝑚𝑖

𝑑𝑡
= −𝑘(𝜃𝑖(𝑡)) ⋅ 𝑚𝑖(𝑡)    ,    𝑖 = 1, … , 𝑁𝐸   . (3) 

 

With the condition that the time difference between two calculation times is chosen so small that 

the change of the release rate 𝑘(𝜃) can be neglected within a time step, we obtain as solutions for the 

differential equations the recursive calculation rule 

 

𝑚𝑖,𝑗 = 𝑚𝑖,𝑗−1 ⋅ 𝑒−𝑘(𝜃𝑖,𝑗)⋅(𝑡𝑗−𝑡𝑗−1)      ,    𝑗 = 1, … , 𝑁𝑇    , (4) 

 

where 𝑚𝑖,𝑗 is the mass of the nuclide under consideration present in the volume 𝑉𝑖 at time 𝑡𝑗. The total mass 

fraction 𝑓𝑖,𝑗 released in the volume 𝑉𝑖 up to time 𝑡𝑗 can then be calculated recursively with 

 

𝑓𝑖,𝑗 =
𝑚𝑖,0 − 𝑚𝑖,𝑗

𝑚𝑖,0
= 1 + (𝑓𝑖,𝑗−1 − 1) ⋅ 𝑒−𝑘(𝜃𝑖,𝑗)⋅(𝑡𝑗−𝑡𝑗−1)    . (5) 

 

This results in the total release fraction 𝐹𝑗 or 𝐴𝑅𝐹 at time 𝑡𝑗, respectively, with 

 

𝐹𝑗 = ∑
𝑉𝑖

𝑉𝑡𝑜𝑡𝑎𝑙
𝑖

⋅ 𝑓𝑖,𝑗    .  
(6) 

 

Neglecting any retention capabilities of the package, in the following we consider the release 

fractions 𝐹𝑗 as air release fractions 𝐴𝑅𝐹(𝑡) to the environment. In practice, the release rate 𝑘(𝜃) is usually 

determined only for a few so-called lead nuclides. The release fractions of the other nuclides, which are 

similar in their release behavior, are then determined via fixed numerical ratios from the results of the 

respective lead nuclides. In the following, we consider e.g. the release of radioactive nuclides from metals. 

We use for the lead nuclide Cs-137, analogous to Brüchner (2013), the correlation VEGA-1 derived from 

experimental data by Hidaka (2002) 

 

𝑘𝐶𝑠(𝜃) = 1,44 𝑚𝑖𝑛−1 ⋅ 𝑒  −9280 𝐾 𝜃⁄   , (7) 

 

whose applicability was already demonstrated in Brüchner (2013) using the measured data from 

Boetsch (2005). 

 

For our thermal analyses, we used a simplified 1/8 model of a 20' container, in which the waste is 

assumed to be homogeneous and to be surrounded only by a 3 mm thin layer of sheet metal. For our 

calculations, we chose scrap metal as the waste product, for which we assumed a homogenized density 

𝜌 = 3500 𝑘𝑔 𝑚−3 and a thermal conductivity 𝜆 = 50 𝑊 𝑚−1𝐾−1. For our simulations, we divided the 

waste product uniformly into 𝑁𝐸 ≈ 1.62 ⋅ 105 volume elements 𝑉𝑖. We chose a temperature 

𝜃𝑖,0 = 20 °𝐶, ∀ 𝑖 as the initial temperature of the waste package. For a calculation period of 30 min, we 

used the fire scenarios described above and simulated a heat exchange between environment and entire 

container surface by convection and radiation with the corresponding temperature-time histories of the fire. 

After 30 min, we assumed a linear decrease of the ambient temperature to 20 °C within 5 min and considered 

a further cooling of the container surface at 20 °C ambient temperature until a time of 24 h after the start of 

the fire. According to IAEA SSG (2012) the emissivity of the container surface was assumed as 𝜖𝑐 = 0.8 

and that of the environment was assumed as 𝜖𝑎 = 0.9. For the convective heat transfer at the container 

surface, according to IAEA SSG (2012) we assumed a coefficient 𝛼 = 10 𝑊 𝑚−2𝐾−1 during the fire. For 

the cool-down period, we also applied 𝛼 = 10 𝑊 𝑚−2𝐾−1 for reasons of simplification, which means that 
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the cooling processes in our simulations are generally overestimated. For the time step sizes 𝑡𝑗 − 𝑡𝑗−1 we 

used values between 30 s at the beginning of the simulation and 300 s at the end of the simulation. 

 

Dispersion Modelling 

 

With the determined release factors, we assess the potential dose for the population based on a model 

activity inventory and nuclide vector with a subsequent dispersion calculation. For this purpose, we adopted 

the activity inventory and nuclide vector from the ESK stress test (2013) for a high activity inventory of a 

20' container with 4E11 Bq. For the nuclide distribution, we followed the vector of the ESK stress 

test (2013), but also took into account a 1% share of possibly occurring alphanuclides. This results in a 

vector of 69 % Co-60, 30 % Cs-137 and 1 % Am-241. Conservatively, we have assumed a release close to 

the ground and have not further considered a possible small thermal rise due to the short fire durations. 

 

The subsequent dispersion calculation was performed with a Lagrangian particle trajectory model 

according to the VDI guideline 3945 part 3 (2020), which is implemented in the program code 

ARTM (2015). In this, individual trajectories are calculated for a large number of particles, in which a new 

position is calculated for each time step τ according to Eq. 8.  

 

�⃗�𝑛𝑒𝑤 = �⃗�𝑜𝑙𝑑 + 𝜏[�⃗⃗� + �⃗⃗� + �⃗⃗⃗�] (8) 

 

Here �⃗⃗� is the mean wind velocity, �⃗⃗� the turbulence velocity varying with each time step and �⃗⃗⃗� an 

additional or drift velocity to be considered if necessary, which describes e.g. the thermal superelevation. 

 

We used the properties of a German nuclear power plant as model site and considered the resulting 

activity concentrations only from 100 m from the source point, because in reality the population is located 

outside a power plant site. The terrain and building influence was taken into account by the model. For the 

meteorological boundary conditions, in accordance with the guidelines for accident calculation BMI (1983) 

we considered  

 

- the propagation direction of 12 sectors leading to the highest exposure, 

- a wind speed of 1 m/s at a height of 10 m, 

- the diffusion category leading to the highest total exposure, and 

- 5 mm/h precipitation for diffusion categories C, D, and E and no precipitation for diffusion 

categories A, B, and F. 

 

The subsequent dose calculation, which takes into account the calculated activity concentrations and 

depositions, was performed considering the exposure pathways and the formalism of the guidelines for 

accident calculation BMI (1983). For simplification, a respirable particle size of 10 µm was assumed for 

the total released activity. The calculated dose is a follow-up dose until age of 70. 

 

RESULTS 

 

From the individual temperature distributions at the respective time steps as shown in Figure 3, the integral 

release fractions are obtained according to the previously described approximation of the VEGA-1 

correlation by temporal and spatial summation over all elements. Figures 4, 5 and 6 show the calculated 

time histories of the integral air release fractions ARF of scenarios 1, 2, and 3, respectively, together with 

the respective time histories of the flame temperature TF, a temperature at the surface of the waste TS 

(position marked in figure 3), and the temperature at the centre of the waste TI for the 4-h period. 
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The time histories show that for the fire durations considered here, a significant portion of the release 

occurs after the end of the pool fire, which is due to the delayed heat penetration into the interior of the 

waste. Thus, an early end of the fire can contribute significantly to the reduction of release not only by 

limiting the period of high temperatures, but also the maximum temperatures at the outer edge of the waste 

and the heat penetration into deeper layers. The relationships shown here as an example for one waste and 

one packaging type can in principle also be assumed for other waste packages. However, since the 

maximum release rate as well as the release duration strongly depend on the heat transport properties of the 

waste, the results presented here are not applicable to other types of waste and package. Instead, the 

calculations are to be made specifically for a waste type. Hereby, the element sizes as well as the time step 

widths may have to be adjusted. For example, for mixed wastes with significantly lower thermal 

conductivity, smaller elements should be used to compensate for the effect of the larger temperature 

gradient within each element volume. A corresponding independent convergence criterion for element size 

and time step size for the use of the approximation of the correlation VEGA-1 presented here still has to be 

worked out. Furthermore, the influence of different fire scenarios when using other correlations for the 

nuclide release, such as according to Gründler (1987), must be considered separately. Depending on the 

waste product, a distinction must be made between the release mechanisms of evaporation, pyrolysis and 

sublimation. From the above results, we derive three source terms for the fire, which we present in Table 1. 

 
Table 1: Source terms for the dispersion modelling of the three scenarios 

Nuclides 
Entire Activity 

in Bq  

Released Activity in Bq 

Case 1 

30-min-fire 

Case 2 

 public fire 

department 

Case 3 

plant fire 

department 

Co-60 2,76E+11 4,97E+07 3,04E+05 2,65E+03 

Cs-137 1,20E+11 2,16E+07 1,32E+05 1,15E+03 

Am-241 4,00E+09 7,20E+05 4,40E+03 3,84E+01 

 

For our model site, diffusion category E leads to the highest exposure considering the northeastern 

wind direction. This results in a potential total exposure for the population of about 3E-1 mSv for Case 1. 

While we have the same nuclide vector, we only change the total released activity for Cases 2 and 3. 

Therefore, the exposure calculates from simple scaling. This results in a potential exposure of the population 

of about 2E-3 mSv for Case 2 and of about 2E-5 mSv for Case 3. 
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Figure 3. Temperature field of the waste product 1 h after the start of the fire, case 1. 
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Figure 4. Temperatures and ARF for specified end of fire after 30 min. 

 

  
Figure 5. Temperatures and ARF considering intervention of the public fire department 

 

  
Figure 6. Temperatures and ARF considering intervention of the plant fire department. 
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CONCLUSION 

 

In the present work, we have investigated how the fire of a transport vehicle can affect the radioactive waste 

stored in 20' containers and which releases are possible under the assumed boundary conditions. In doing 

so, we assumed three different scenarios, which were differentiated on the basis of the intervention time of 

extinguishing measures. It turns out that a significant portion of the release occurs after the end of the pool 

fire, which is due to the delayed heat penetration into the interior of the waste. Thus, an early end of the fire 

can contribute significantly to the reduction of release not only by limiting the period of high temperatures, 

but also the maximum temperatures at the outer edge of the waste and the heat penetration into deeper 

layers. It should be noted here that the methodology and relationships presented in this paper could, in 

principle, be applied to other waste products. However, since the maximum release rate and the release 

duration strongly depend on the heat transport properties of the waste, the results presented here have to be 

recalculated for other waste products. Likewise, investigations that are more detailed and modelling of the 

fire event, e.g., by real fire tests or more complex computational models, can provide more specific values 

for the present boundary conditions. 
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