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Summary 

Nuclear Small Modular Reactors (SMR) present innovative features in design and safety compared to 

existing Nuclear Power Plants (NPP). Some of these features may turn into a reduction in radioactive 

releases –both in magnitude and frequency. 

It seems reasonable to think that smaller plants, i.e. featuring lower power levels, should present 

lower radioactive releases and offsite consequences. However, how small is small enough cannot be 

addressed through direct comparison. Furthermore, since multiple nuclear sites to compensate for 

the same amount of power provided by a single, large nuclear site, might be needed, such direct 

comparison is ill-conceived. 

Scaling-based criteria to facilitate comparison of radioactive releases between plants of different size 

–i.e. power– are proposed. Such criteria set limits to radioactive releases and offsite radioactive risk 

for SMRs so that offsite consequences of replacing large NPPs by a wider set of SMR sites are not 

exceeded when assessed globally, i.e. in terms of power generation. 

The first, deterministic-oriented criterion looks at the radioactive source strength of the SMR based 

on the maximum size of the SMR Emergency Planning Zone (EPZ) in order not to exceed the EPZ of 

another NPP when normalizing the EPZ to the power generating unit. The second, risk-informed 

criterion, looks at the sum of the radioactive harm caused by any event considered under 

probabilistic analysis application weighted by its frequency, i.e. standard definition of risk. 

Aside from these two scaling-based criteria for offsite nuclear hazard comparison between nuclear 

sites of different size, this report presents two different methods for the determination of EPZ 

distances. The first method is straightforward based on plant-specific data for dose-consequence 

calculation, whereas the second, inverse method, builds on extrapolating the EPZ distance of a 

reference, large NPP down to the SMR. 

The scaling-based criteria and the methods for the determination of the EPZ distance are put into 
practice in an application exercise for an integral Pressurized Water Reactor (PWR) SMR. 
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1. Introduction 

This report aims at the following three goals: 

• To introduce the national and international regulatory frameworks for the Emergency Planning Zone 

determination, with emphasis on the differences between the underlying informing criteria. 

• To provide criteria allowing comparison of offsite consequences (both deterministic and 

probabilistic) between nuclear plants of different size –i.e. power– and technologies by focusing on 

their representative source terms. 

• To provide two plant-specific methods for the determination of the EPZ distance. 

Dealing with the first goal, Emergency Planning Zone (EPZ) is the area (or areas) around the nuclear site where 

arrangements are planned during the licensing process in order to mitigate the offsite radiological 

consequences, i.e. the area potentially affected by radiological harm. EPZ characterization strongly relies 

upon the dispositions issued by the corresponding national regulatory framework. There are many different 

factors affecting the determination of EPZs, technical and non-technical, as well as many different criteria 

among countries. Among these factors, an estimate –depending on either plant-specific calculations or not– 

of the offsite consequences, i.e. dose, due to radioactive releases from the plant, is key in informing the EPZ. 

Rather than reviewing the different existing national regulatory frameworks, this report focuses on a 

structural analysis of the underlying criteria informing EPZs at both national and international level. 

Dealing with the second goal, the fundamental nuclear safety objective for any nuclear or radiological 

installation is the protection of people and the environment against radiological and toxic hazards, see e.g. 

[1]. This fundamental safety objective turns into a set of quantitative radiation safety goals: a list of maximum 

cumulative doses onsite and offsite at a certain distance for each accident-category level. 

Due to its downsized feature in terms of power, a significant number of SMR sites1 –each of which presenting 

several units– may be needed in order to replace a single, large centralized nuclear facility. This is why 

proliferation2  brought by SMRs needs be carefully analysed, namely the impact in terms of the overall offsite 

areas potentially affected by accidental radioactive releases covered by all the SMR sites needed to replace 

a single, large nuclear site to come up with the same power. To this aim, scaling factors turning into 

comparison criteria dealing, first, with the EPZ size between plants of different power, and second, with the 

nuclear offsite risk, are proposed. These criteria make use of the concept of offsite nuclear hazard, here 

defined twofold: 

• On one hand, as the maximum credible radioactive harm the stored nuclear material within a nuclear 

facility can do on offsite population and the environment because of a nuclear accident. 

• Onto the other, as the sum of the radioactive harm caused by any event considered under 

probabilistic analysis application weighted by its frequency, i.e. standard definition of risk. 

The underlying idea supporting the development and application of comparison criteria related to radioactive 

releases deals with ensuring that the potential offsite nuclear hazard of a single NPP is not exceeded by that 

of a set of nuclear smaller sites featuring the same power level. Smaller nuclear plants will logically present 

 
1 ‘Facility’, ‘site’, ‘station’, ‘plant’ and ‘installation’ stand for the entire area mobilized for energy production, whereas 
‘reactor’, ‘module’ or ‘unit’ stand for the single power system (hence a plant may contain several units). 
2 ‘Proliferation’ here taken as the increasing number of nuclear stations needed to come up with a similar power supply 
provided by a larger nuclear site (hence not in any relation whatsoever with the spread of nuclear weapons). 
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smaller radioactive releases, smaller offsite consequences and hence leading to smaller EPZs. If the 

integrated frequency of all the events leading to offsite radiological harm is the same than that of a larger 

NPP, it is reasonable to think that the risk featured by a single SMR be also smaller –in fact, due to a smaller 

radiological dose consequence. Nevertheless, the question of how small such radiological release, offsite 

dose and eventually EPZ compared to a larger NPP should be, remains unanswered and cannot be addressed 

by direct comparison. The proposed criteria make a step forward in this direction. 

The third and last goal proposes two different methods for the determination of the area affected by the 

radiological harm, i.e. determination of the EPZ distance. 

2. Roadmap 

Section 3 addresses the first goal by providing a brief introduction on EPZ approaches at national regulatory 

framework level, highlighting key differences between EPZ informing criteria. It also addresses the distinction 

between EPZ from an Emergency Preparedness and Response points of view. 

Section 4 focuses on one of the most relevant criteria influencing the calculation of EPZ distances: accident 

sequence selection and source term calculation. 

Section 5 presents a plant-specific methodology for the determination of the EPZ distance. This methodology 

consists of a flexible structured path of ordered tasks, and as such, it suits well with different options to 

approach each task. This is why application of the methodology calls for the specification of the selected 

approaches. Section 5 clarifies and provides justification in this respect. 

Section 6 introduces the guiding principle allowing nuclear hazard comparison between plants of different 

sizes, for which a so-called ‘reference plant’ becomes necessary. 

A first, deterministic-based criterion for the downsized plant source term compared to a single, large, 

reference plant’s is presented in Section 7.  

This deterministic criterion to address the offsite nuclear hazard is completed by a second probabilistic 

criterion presented in Section 8, where the standard concept of risk –as product of frequency and undesired 

consequences– is used to compare two alternative power-supply-equivalent scenarios, i.e. single, large plant 

against a set of downsized plants. 

Three different methods to determine EPZ distances are proposed and described in Section 9. First, a 

deterministic direct method, following the methodology presented in section 5. Second, a risk-informed 

direct method accounting for a maximum cumulative frequency of accidents beyond the dose threshold. 

Third, an inverse method, deriving the SMR EPZ distance from the EPZ distance applied to the large, reference 

NPP, based also on dose-consequence calculation. 

Section 10 presents an application exercise of an integral PWR SMR where the EPZ scaling criteria, as well as 

the methods for the determination of EPZ distances, are put into practice. 
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3. Review of the Determination of EPZ Distances 

3.1. Note on EPZ from Emergency Preparedness versus Emergency 
Response Standpoint 

Planning emergency zones prior to nuclear installation commissioning3 aims at protecting society from 

ionizing radiation exposure and ingestion as a consequence of planned and unplanned releases. Successful 

deployment of countermeasures in due time to mitigate offsite radiological releases depends on many 

factors related both with the characteristics of the location and radioactive releases. 

Let us note a crucial distinction between Emergency Preparedness and Emergency Response affecting the 

concept of Emergency Planning Zone: 

• Emergency Preparedness can be characterised as the set of arrangements and planning activities 

made prior to the nuclear emergency with the aim of limiting the offsite undesired consequences to 

the extent possible.  

• Emergency Response is the set of actions taking place during the nuclear emergency, i.e. any scenario 

with the potential of leading to undesired consequences for the population and environment. 

Nuclear emergency scenarios range among a wide spectrum of consequences for the population in time, 

space and severity. This is why Emergency Planning Zones do not necessarily match with the area where 

protective actions are eventually deployed. 

EPZs are defined at Emergency Preparedness level hence from an Emergency Preparedness standpoint, in 

such a way that specific countermeasures should be deployed under certain circumstances on a portion of 

the entire EPZ. This is the reason why EPZ distances are usually calculated from an assigned dose threshold 

corresponding to a specific countermeasure, e.g. sheltering, evacuation, etc. 

Together with the magnitude of the radioactive releases, timing is as key aspect strongly influencing EPZ: 

large elapsed times between the initiating event –or the general emergency– and the beginning of the 

releases will eliminate the need for a prompt response, allowing for assessment-driven EPZs. Such large time 

windows before deploying countermeasures will have an impact on the EPZ and therefore be reflected in the 

arrangements taken within the Emergency Preparedness. Further information is found in Annex 1. 

3.2 Underlying Criteria informing EPZ 

There exist many different approaches at national and international level to define the EPZs depending on 

the informing criteria. This section presents the underlying rationale supporting EPZ design in an attempt of 

promoting discussion and clarification of the derived consequences brought by each of them. The highlighted 

differences do not aim at presenting the spectrum of existing alternatives for the EPZ determination, e.g. in 

computing dose or identifying a representative sequence to compute the source term, but at presenting the 

different basic criteria applied to design / define the EPZ. 

3.2.1 Action-driven versus reference-dose-driven 

When establishing EPZ distances based on consequence assessment, the EPZ itself can be defined from a 

dose threshold standpoint according to the two following alternatives: 

 
3 This is the main goal of ‘emergency preparedness’. 
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- A protective-action-driven approach, where each EPZ is connected to a specific protective action 

dose threshold as triggering criterion that, if reached, will put in place the corresponding protective 

action. 

- A reference-dose-driven approach, where EPZ results from a single generic dose threshold 

application. 

The fact of accounting for as much EPZ subzones as different existing protective actions each of which 

featuring a different dose threshold can help orient the efforts in a more justified fashion. However, such 

further distinction can increase the degree of complexity in deploying the emergency response.  

Protective-action-driven EPZ 

This approach directly connects and considers as many EPZ as different protective action dose thresholds 

exist. Therefore, there will be one EPZ for evacuation purposes, one for sheltering, one for ITB, etc. This is 

the case, for instance, of Germany, where a 5-km area for evacuation in the Central Zone is considered 

whereas 100 km for ITB [2]. 

Reference-dose-driven EPZ 

This approach considers one only generic dose threshold for the EPZ identification. This is the case, for 

instance, for the DBA scenarios in the United States, where a 5-rem and 25-rem value for the whole body 

and thyroid respectively are used to compute the EPZ distance [3]. A different, single reference-dose-driven 

approach is IAEA's [4] where the distinction made between PAZ and UPZ does not come from assigning 

different protective actions to each zone, but from prioritizing the deployment of a set of protective actions 

–based on the fact that the more stringent PAZ will reach much higher doses. 

3.2.2 Automatically-triggered versus assessment-driven 

EPZ definition may also be rooted in either protective actions deployment triggered after an event category 

is reached or after a consequence-oriented assessment is performed. 

Strictly speaking, the EPZ is already first defined during the design phase of the plant, hence well before any 

radioactive release can occur. Therefore, the EPZ definition does not necessarily comprise the extent of 

potential deployed protective actions. Nonetheless, and from an emergency response standpoint, it makes 

a difference whether such actions are immediately applicable after a certain level of emergency is reached 

or not. 

Annex 1 suggests meeting criteria for an assessment-driven informed EPZ. 

Automatically-triggered EPZ 

Many countries will apply countermeasures to a predefined area without waiting until any dose assessment 

calculation. This is the case, for instance, of Spain [5]. 

The reason behind such approach relies on recognizing (i) the chance of an early significant release and / or 

(ii) the high uncertainties involving any dose assessment. Many countries, as well as international 

organisations such as IAEA or WENRA-HERCA, follow this practice and recommend automatically deployed 

measures –with different extents– upon certain criteria are met. For instance, IAEA recommends evacuating 

the so-called Precautionary Action Zone (PAZ) immediately after a general emergency is declared [4], 

whereas WENRA-HERCA does the same for a specific EPZ distance but only for scenarios featuring absence 

of information or reliable assessment [6]. 
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Assessment-driven EPZ 

A more flexible approach consists of defining the EPZ without binding a set of protective actions to a specific 

pre-condition, e.g. emergency category. This approach is partly applied, for instance, by the Czech Republic 

[7], where the decision on evacuation will depend on the recommendations given by the State Office for 

Nuclear Safety (SÚJB) based on actual information, and that only sheltering and preparation for evacuation 

will immediately and automatically follow right after the declaration of a radiation accident (highest event in 

the national emergency classification system). Therefore, no evacuation of the people would be applied 

solely based on reaching a certain emergency level. 

The reason behind such approach emphasizes more the justification nature of any countermeasure to be 

applied on the population so that actions are tailored to radioactive releases. As a result, in recognizing the 

difficulty in logistics and social burden of implementing protective actions, and the harm potentially inflicted 

in their application, no evacuation will be issued before any dose assessment is performed. 

In line with the intervention levels triggering protective actions, it is worth noticing differences in the used 

magnitudes, sometimes referring to effective doses, sometimes to equivalent doses, e.g. to the foetus. 

3.2.3 Timing- and magnitude-driven approaches 

The effective application of protective actions in large areas relies on prioritization. This is why emergency 

zones may follow further time-dependent and magnitude-dependent categorizations, deeply related one 

another. 

In terms of timing, the following categories are usually distinguished: 

- Short term 

- Precautionary response 

- Urgent response 

- Early response 

- Long term 

In terms of magnitude, the following categories are usually distinguished: 

- Deterministic consequences, corresponding to the area where fatalities due to direct effects of radiation 

can occur. 

- Stochastic consequences, corresponding to the area where fatalities due to cancer rate increases can 

occur both after just a few days of exposure or in the long term mainly from ground exposure and food 

ingestion. 

Precautionary Response 

This EPZ corresponds to the area demanding immediate, first-response attention to avoid casualties as a 

consequence of deterministic effects. The IAEA distinguishes a so called Protective Action Zone (PAZ) 

attached to the NPP site in order to prioritize the protective actions. 

Urgent Response 

This portion of the EPZ will be the second in line to be addressed once protective actions are already in place 

in the precautionary zone, i.e. where the application should not be done in prejudice of any delay whatsoever 

of actions implemented in the PAZ. Dose values in this area do not reach deterministic thresholds. 
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Both the precautionary and urgent response subzones require rapid application of protective actions (after 

very few hours, maximum within one or two days after the start of the releases) to avoid exceeding the 

reference levels. 

Early Response 

In terms of the available time for countermeasure deployment, and strongly depending on the magnitude of 

the releases, a further EPZ area is distinguished to take into account the existence of potential hot spots. Due 

to less severe dose rates, the time to implement appropriate protective actions is significantly larger 

compared to the precautionary (PAZ) and urgent areas (UPZ). 

Long-Term, Long-Distance Response 

After the end of a severe radioactive release, the ground and food might become contaminated presenting 

dose rate and activity values exceeding the reference levels in case of long exposure and / or ingestion of 

contaminated food. This is why a much larger area is also usually distinguished and added to the EPZ. This is 

the case, for instance, of the Ingestion Exposure Pathway (IEP) included in the EPZ under the US NRC 

regulatory framework. 

3.2.4 Generic- vs Plant-Specific Approach 

Plant-specific approaches derive EPZ distances as the result of plant-specific calculations, i.e. accident 

evolution, released source terms and meteorological conditions. 

Generic Approach 

Generic approaches apply equal EPZ distances to several nuclear facilities without looking into the plant-

specific signature, e.g. accident evolution, radiological releases, site-specific meteorological conditions, etc. 

Generic approaches consist of performing bounding calculations on both radioactive releases and 

meteorological calculations through some of the available methods for atmospheric dispersion without 

accounting for the specifics of the plant. This is the approach followed by IAEA [4] and many countries such 

as US [3], Spain [5] and Germany [2]. Such generic approach assumes a specific fraction of the initial fission 

product inventory released to the atmosphere and dispersed in adverse meteorological conditions along a 

release rate and time. As a result, generic distances such as 3 km or 5 km apply, no matter plant-specific 

aspects affecting safety and design4. Generic approaches assume a bounding source term mainly derived 

from operating experience and generic assumptions on representative accident evolution and radioactive 

material release, transport, deposition and dispersion. Among other considerations, IAEA, for instance, 

assumes 10% of the initial inventory of volatiles being released to perform the calculations and come up with 

EPZ distances [4]. 

Plant-Specific Approach 

Plant-specific approaches take information specific of the plant and site and perform dedicated calculations 

of offsite consequences to come up with site-specific EPZ distances. 

When looking at existing national regulatory frameworks on EPZ, most of current regulations are not plant-

specific, namely they consist of pre-calculated fixed distances originally derived from a dose calculation 

methodology. The rationale allowing for the application of this generic approach to the entire nuclear power 

fleet relies upon the large similarities in the design. 

 
4 This generic approach sometimes constitutes the first step to determine EPZ distance followed by a plant-specific 
approach. 
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Some of these methodologies are risk-informed, such as [8], while some of them are risk-based, such as [9]. 

United Kingdom national regulation approach is based on the concept of "reasonably foreseeable radiation 

emergencies" embedded in the Hazard Identification and Risk Evaluation (HIRE), see [10], where plant-

specific severe accident calculations, informed by PSA, will support the HIRE and hence the EPZ calculation 

and applied to each different nuclear site. As indicated in [10], "the IAEA approach addresses very unlikely 

high consequence events, whereas REPPIR (Radiation Emergency Preparedness and Public Information 

Regulations) is based on the concept of reasonably foreseeable radiation emergencies. It is this concept of 

extendibility within the UK framework for nuclear emergency planning which provides the basis for dealing 

with the very unlikely high consequence events which affect a large area and is covered in REPPIR guidance". 

In this respect, and as explicitly mentioned by ONR, "the IAEA approach [11] contains the provisions for use 

of alternative distances if substantiated by a detailed safety analysis. REPPIR requires such detailed analysis 

for UK nuclear facilities". In applying a risk-informed plant-specific approach, each UK nuclear site presents a 

different EPZ distance. 

3.2.5 Compliance Criteria 

If plant-specific approaches are accepted by the regulator, two main categorical approaches for the 

compliance criteria are found: a first one based on not exceeding hazard thresholds and a second one based 

on limiting the probability of exceeding such hazard thresholds. The first category relies on determining 

distances for a bounding yet reasonable scenario, and the second one accounts for the spectrum of severe 

accidents with the potential of releasing significant radioactive material. 

Bounding-scenario-based EPZ distance  

A set of representative bounding scenarios by systematic approach based on engineering judgement are 

selected whose dose consequences are calculated (DBA-like approach). 

Since the consequences of an accident are only limited by the total initial FP inventory, there might be an 

unnecessary burden on the emergency preparedness and response when the EPZ is driven by the worst 

possible accident scenario. The bounding scenario method addresses this problem by selecting scenarios 

where the extent of damage, systems performance and status of defence-in-depth barriers are taken given 

credit to 'foreseeable reasonable' scenarios. As a result from this approach, the distance-to-emergency-

response-protective-action fitness turns out to be highly sensitive to the selected scenarios. 

This method is characterised by a large flexibility margin between the nuclear installation licensee and 

nuclear safety authority. Being the least prescriptive approach, the method is left open for the specific 

application process thus not containing any additional mandatory step to be followed aside from meeting 

with a certain list of pre-established dose values and solid methods in the selection of representative 

accidents. 

Frequency-limitation-based EPZ distance 

The idea behind this method is to set up an acceptable integrated frequency of exceeding dose thresholds 

[12]: 

Each Level 2 PRA representative scenario features an associated frequency, release source term and hence 

dose-to-distance data. This method consists of summing up the frequency of those scenarios exceeding the 

dose threshold at each distance until finding the location where the integrated frequency is lower than the 

frequency threshold. 

This risk-informed method has the advantage of providing with more information regarding the former one 

based on selecting a representative bounding scenario. This information is relevant when keeping in mind 
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the large degree of variability in the field of severe accidents. However, and just in line with the Level 2 PRA 

approach dealing with the accident sequence selection, the adoption of this regulatory position implies the 

shortcoming of relying the EPZ design on solely frequency numbers, hence neglecting scenarios based on 

their low featured frequencies where the confidence on those numbers might be low. 

Hazard-probability-limitation-based EPZ distance  

EPZ as well as offsite arrangements of nuclear installations can be tracked through the increased probability 

resulting for the added hazard over the population. Therefore, no dose threshold will act as the meeting 

criterion but an acceptance hazard probability made up of integrating all the hazard conditional probabilities 

linked to their accident released source terms [9]. 

This criterion specifies a maximum individual radiological risk to the members of the public equal to those 

values coming from normal exposures. This individual radiological risk will be the result of the probability of 

an undesired consequence provided the occurrence of an event times the probability of the event. This risk-

based method shares similar shortcomings than the frequency-limitation-based method above. 

Probabilistic-deterministic-based EPZ distance 

Given the large spectrum of severe accidents, and recognizing the technical difficulties and associated high 

costs of designing an EPZ driven by the worst possible accident, an initial EPZ single dose-limiting criterion 

can be split up into two compliance criteria: a first, deterministic one, establishing dose thresholds not to be 

exceeded for reasonable severe accidents, and a second one looking at significantly mitigating any type of 

severe accidents –even the most severe ones featuring very low frequencies. This is a combined approach 

acknowledging the convenience of imposing an EPZ large enough to avoid doses exceeding the prescriptive 

limits, at the same time recognizing that the high bound in the severe accidents spectrum can be extended 

up to extremely high yet unreasonable events with extremely high consequences which should somehow be 

also taken into account when designing the EPZ. This approach is currently applied by U.S. NRC and described 

in [3]. As for the less severe accidents under the so-called Class 9 category, the selection of plant-specific 

sequences would not exceed the dose thresholds determined by the Protective Actions Guides (PAG) levels 

outside the EPZ, whereas for the most severe Class 9 accidents, evidence of substantial reduction in early 

severe health effects outside the EPZ should be provided. 

3.3 International approaches 

3.3.1 IAEA EPZ Approach 

The layout of emergency zones applied in different countries very much derives from the application of the 

abovementioned approaches singularly or combined. Figure 1 shows the IAEA approach where the different 

EPZs are explained afterwards [13]. 
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Figure 1. Conceptual drawing of Emergency Planning Zones 

Precautionary Action Zone 

This is the closest area to the nuclear site hence featuring the highest and earliest dose values. 

This area is characterised by dose values beyond the deterministic effects threshold and it is subsequently 

separated from the others to give full priority in the implementation of the very first protective actions. For 

the PAZ boundary calculation, a single dose limit equivalent to the deterministic dose threshold has been 

used –hence not multiple, action-driven zones but a single high-priority area. 

According to the IAEA recommendations, automatically-triggered actions shall be applied after a general 

emergency declaration with no delay whatsoever, e.g. resulting from dose-consequence assessment. 

Urgent Protective Zone 

Together with the PAZ, the Urgent Protective Zone (UPZ) constitutes the target of the urgent phase response 

when actions are immediately implemented triggered by a general emergency declaration. Both of them 

might be considered as the actual EPZ. 

This area may register high dose rates in case of severe radioactive releases yet below the deterministic 

threshold. This is why protective actions will be addressed as long as not delaying the prioritized deployment 

of actions within the PAZ. 

The UPZ has also followed a single dose threshold approach for the distance determination hence embracing 

a set of automatically-triggered protective actions. 

The UPZ boundary determination does not present such a sharp limit as the PAZ as it relies on a compromise 

between, on one hand, averting stochastic-effect doses, and onto the other, increasing the complexity as a 

result of applying protective actions on larger populations. 

Early Protective Distance 

Beyond the EPZ made up of PAZ and UPZ, there is an additional area included in the emergency preparedness 

response which complements the flexible UPZ boundary setting called Early Protective Distance (EPD). 

The rationale behind EPD looks at protecting population against very low but very severe accident releases 

whose consequences in the medium to long term can even go beyond the reference levels outside EPZ. This 
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is why the EPD boundary does not usually rely anymore on detailed consequence calculations but on a set of 

different compliance criteria such as probability thresholds of accepted residual risk or historic nuclear 

disaster findings. 

The EPD will not be planned as the target of a first-response intervention but protective actions put in place 

will rather depend on post-release dose measurements and hot spots identification. Therefore, no action will 

be taken before any dose assessment or effective dose measure is performed. 

3.3.2 WENRA-HERCA Approach 

The HERCA-WENRA Approach [6] aims at first at establishing a common European approach in the field of 

protective actions before a nuclear or radiological emergency in case an assessment of projected doses to 

the population is not realistic, e.g. little or no information from the plant is available or a threat of a large / 

significant radiological release cannot be reliably estimated. For such non-assessment situations, this 

approach recommends to deploy protective actions measures such as sheltering or evacuation on specific 

areas depending on the answer to very simple questions dealing with the risk of core melt or the containment 

status. It is worth thereby noting such automatically-deployed actions are not recommended for any type of 

situations but only for those where any assessment is not reliable, partly departing from the IAEA approach 

as described, e.g. in [4]. 

4. Approaches to Sequence Selection and Source Term Calculation 

There are several methods at national and international level to proceed with the selection of the 

representative accident (or accidents) for the source term and dose consequence calculation, as summarized 

in Table 1: 

• A generic method based on boundary consequence events; 

• A twofold method described afterwards; 

• Straightforward method, based on a direct calculation of the severe accident evolution including the 

released source term. 

The middle column of the table represents the one-direction influence of the accident evolution conditions 

on the source term applicable for the twofold approach. 

Table 1. Approaches for the accident selection and source term calculation 
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4.1 Generic Boundary Approach 

The least plant-specific hence more generic approach (deterministic type) for accident sequence selection 

and environmental released source term calculation is based on considering a very unlikely high consequence 

event without applying any sequence selection and source term calculation. One good instance of such 

approach is described in [4], where EPZ distances are based on imposing a released source term resulting 

from direct bounding assumptions relying on a few generic parameters as shown in Table 2. 

There are two situations encouraging this generic approach: lack of information and conservative biased EPZ 

design. 

Table 2. Assumed generic conditions for the source term calculation (taken from [4]) 

 
 

4.2 Twofold and Straightforward Approaches 

Twofold approaches are based on splitting the calculation of the source term into two different parts, namely 

the released source term from the fuel and primary system to the containment (as the last DiD barrier facing 

the outside environment) on one hand, and the accident evolution onto the other: 



  

12 
 

1) Released source term from the fuel: In-Containment Reference Source Term (ICRST). This is the single, 

standard source term released from the fuel to the containment through the primary circuit along the 

accident evolution and calculated by taking a bounding, unmitigated sequence. 

2) Accident evolution. The accident evolution will influence the In-Containment Reference Source Term 

through: 

2.1) The dictation of the limits of the In-Containment Reference Source Term progression, e.g. if the 

fuel damage is arrested before completing the entire in-containment release path; 

2.2) The dictation of boundary conditions setting up, first, the systems performance influencing the 

in-containment source term, e.g. containment sprays, and, second, the interface conditions of the 

last barrier separating the inner volumes and the environment. 

In-Containment Reference Source Term (ICRST) calculation finds expression in NUREG-1465 [14]. This ICRST 

has been computed taking a bounding sequence, which is an unmitigated LBLOCA evolving all the way until 

completing the different fuel degradation phases leading to ICRST maximization. This reference report 

depicts the time windows for each of the accident progression phases characterising conventional, second 

generation plants, and the associated fission product group releases, distinguishing the results upon BWR 

and PWR designs. 

Depending on the available reliable information, either at a plant-specific level, design-specific level or none, 

a different version of this ICRST calculation will be put in place: 

• ICRST brute application. It consists of a simple scale-down application from the results 

included in NUREG-1465. This situation corresponds to the most deficient state of the art 

where no reliable calculations can be performed on the ICRST. 

• ICRST adaptation. It implies redoing a NUREG-1465-like study adapted to each SMR design –

hence at a design level. It means a single one-time joint effort to come up with a reliable 

design-specific ICRST. 

• Plant-specific ICRST. Each plant computes their own ICRST based on plant-specific data and 

analyses. 

Dealing with the accident-to-source-term conditions, and in order to standardize the influence of the 

accident evolution on the ICRST, a set of assumptions dealing with the systems performance and other minor 

dispositions on source term characterisation need be postulated. This interface is hence necessary whenever 

the source term twofold approach based on the ICRST and accident selection separate calculations is applied, 

so that the decomposition of the entire reactor system by applying this approach is the aggregation of each 

element separately plus the effects amongst the parts. Therefore, such dispositions will not be needed in 

case of applying a straightforward approach, i.e. source term releases calculated along the accident sequence 

calculation. 

On the other hand, straightforward approaches computes the entire accident sequence evolution and 

released source term in one single calculation. 

4.2.1 Accident Selection 

4.2.1.1 Worst / Representative Case 

This approach is based on deterministically taking a set of representative, bounding severe accidents. 

Depending on the state of the art, these bounding scenarios might be taken at a design level or at a plant-

specific level, where particular aspects of the plant are accounted for. 
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4.2.1.2 Design-Specific Probabilistic Approach 

The SOARCA report [15] covers severe accident analysis and includes offsite consequences issued by the U.S. 

NRC, following the path of WASH-1400 [16] and NUREG-1150 [17]. This approach minimizes the adaption to 

plant-specific events whenever simulation tools are not available for the industry. 

This approach is based on taking the results from a design-specific Level 2 PRA and applying them to the 

reactor unit with due adaption of fundamental differences found between the reference plant and the actual 

plant –provided such an adaptation is possible. 

Depending on the availability of the source term simulation tools, this approach on the accident selection 

can be integrated into a twofold or a straightforward method: When coupled with a design-level ICRST 

calculation, e.g. such as the one described in NUREG-1465 [14] and U.S. NRC 1.183 [18], it emphasizes the 

modular nature of the SMR and hence sharing technology of reactor units by assuming that the most relevant 

sequences and the fuel damage progression leading to radioactive releases can be sufficiently characterised 

at a design level. 

4.2.1.3 Level 2 PRA and BEPU Level 2 PRA 

Plant-specific Level 2 PRA application leads to the spectrum of frequency-dominant scenarios arranged at a 

release category level. 

The main shortcomings of this approach are the followings: 

• Level 2 PRA applications require a mature state of the art concerning the necessary 

deterministic safety analysis to simulate the accident progression until the released source 

term accounting for technology-specific features. 

• Level 2 PRA accident sequence selection needs the application of a screening-out criterion 

based on frequency threshold. This criterion goes against current trends of preventing the 

exclusion of sequences whenever solely grounded on low frequencies [19, 20]. 

One possible solution to compensate for this issue consists of applying so-called Best Estimate Plus 

Uncertainty (BEPU) approaches. Current Level 2 PRA applications widely differ upon the degree of detail and 

relying criteria in accounting for severe accident phenomena uncertainty, deriving split fractions (conditional 

probabilities associated to the outcome of severe events), etc. If a comprehensive BEPU approach were 

applied to the severe accident domain, the confidence level of the source term release categories would 

reveal potential deficiencies in achieving solid results and hence would support the decision on neglecting 

low-frequency events. 

5. Proposal of Methodology for the Determination of EPZ Distances of 
SMRs 

There are many location-specific aspects influencing the size of the EPZ: the presence of sensitive facilities, 

e.g. hospitals, schools; density of population; logistics; etc. Depending on these factors, specific 

countermeasures will be planned and eventually deployed in a different way. 

Among these factors, SMRs may bring up two important differences compared to existing NPPs: SMR sites 

can be nearby populated zones, and the timing for offsite releases can depart from existing plants. 

As for the first aspect, density of population will obviously not alter the dose-versus-distance calculation, but 

it can have a direct impact on the planned arrangements taken during the Emergency Preparedness in terms 

of their execution: for instance, higher population in the surroundings of the SMR site will likely increase the 
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necessary time for full evacuation, hence earlier actions should be taken. Conversely, larger elapsed times 

between the initiating event –or general emergency declaration– and the arrival time, i.e. the time the 

radioactive releases reach the target population, will allow delaying the deployment of countermeasures. 

For a plant-specific EPZ approach, all these factors depend on the radiological consequences stemming from 

accidental radioactive releases at different distances from the source point. Therefore, computation of dose 

vs distance in first place is necessary to proceed with the determination of the EPZs. 

As it has already been emphasized above, a plant-specific method for the EPZ distance determination is highly 

recommended. A good instance has been recently proposed by the IAEA-sponsored SMR Regulators’ Forum 

Working Group on EPZ [21], see Figure 2. 
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Figure 2. Generalized Approach to Determine EPZ Sizes (taken from [21]) 

According to the Working Group in charge of drafting the report, "there is a need to consider that the EPZ 

size for SMRs can be scaled based on the specific design characteristics and site specific considerations". Dose-

characterization-based calculation is thought to be the more appropriate approach leading to EPZ 

determination for SMRs as it allows a graded-approach accommodation of all design and safety aspects 

featured by each particular nuclear installation that otherwise would not be accounted for. 

The IAEA SMR RF methodology is made up of a series of steps leading to establish the EPZ based on dose-

consequence calculations relying upon dispersion calculation of released source terms coming from a set of 

selected accident sequences: 

1) Area characterisation 

2) Selection of sequences and source term calculation 

3) Atmospheric transport and deposition 

4) Dose assessment 

It is worth noting that, as it often occurs with methodological approaches, there is a formal mandatory 

indication of each of the activities yet without specifying its content. For instance, determination of source 

term –which is probably the most sensitive activity of the whole methodology– is largely influenced by the 

selection of Postulated Initiating Events and type of safety analyses. Since the methodology does not require 

following any particular path, the criteria underlying the selection of events and analyses are left open for 

the user of the methodology and hence different users can get very different results in terms of offsite 

consequences even if following the same methodology. 

Contrary to most of the existing NPPs, upcoming nuclear reactors, including SMRs, present significant 

differences in critical aspects of safety and design affecting radiological releases. This is why a plant-specific 

approach is highly recommended for any new plants for the determination of EPZ distance. IAEA-sponsored 

Regulators’ Forum methodology can be taken for this purpose. As introduced above, application of this 

methodology calls for selecting the means to address each of the tasks. 

Table 3 shows the selected options shaping the methodology for the determination of EPZ distance for SMRs 

as applied further in the report: 

• Criteria 1 and 2 relate to the identification and filtering method for the representative source term 

(or terms). As it will be elaborated below, determination of the EPZ distance for dose-consequence 

calculation should be based on bounding accidents –i.e. informed by the worst case. 

• Criteria 3 to 5 relate to source term dispersion and atmosphere modelling, as well as on the selected 

dose threshold against which EPZ distance is calculated. The proposed methodology is compatible 

with alternative models for atmospheric dispersion and with any dose threshold deemed to be 

suitable for EPZ calculation. For instance, only the Total Effective Dose Equivalent is selected here. 

Other magnitudes, such as the equivalent dose to the thyroid for iodine prophylaxis countermeasure, 

may also be taken into account if an action-drive EPZ approach is to be followed. As for the 

atmospheric modelling, the least favourable conditions should be selected (e.g. 95% or 99% worst) 

from a dose absorption receptor standpoint (i.e. minimization of radioactive dilution with downwind 

distance from the source), including plant-specific winds along a credible yet conservative spectrum. 

As for the wind direction, this should not play a role in the determination of the EPZ distance since it 

is assumed that the wind direction can always change –hence a 360-degree approach applies. 

Table 3. Guiding Criteria for the Determination of SMR EPZ Distance 
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CRITERIA SELECTED APPROACH 

1 Safety Analysis Approach Deterministic / Probabilistic 

2 Accident Selection Worst-Case 

3 Modelling of Atmospheric Conditions 
Based on Atmosphere Stability Classes and plant 
specific conditions 

4 Atmospheric Dispersion Method Diffusion / Advection Plume 

5 Dose Figure of Merit Total Effective Dose Equivalent 

5.1 Selection of a Worst-Case Approach for the Representative Source Terms 

From an Emergency Preparedness point of view, planned arrangements designed by the operator together 

with civil authorities should cover any kind of possible scenario, in such a way that no emergency whatsoever 

should ever result in undesired consequences beyond the planning area. Nevertheless, the spectrum of 

accidents leading to radioactive releases may comprise unreasonable scenarios. This is why clear criteria in 

defining which accidents should be considered for the calculation of the EPZ distances are needed. 

A worst-case approach builds on two different aspects: 

• Offsite doses should not derive from a lack of planning, i.e. because the EPZ did not cover certain 

faraway areas due to the fact of having considered less-severe representative accidents / source 

terms. The worst-case approach builds on recognizing that Level 5, as the last defence-in-depth level 

beyond which no further protective measure whatsoever does exist, should deserve a more 

stringent approach compared to the other previous four levels. Levels 1 to 4 deal with onsite plant 

design and as such, a graded-approach-oriented balance between safety and cost is deemed 

necessary. Such balance is informed by safety principles throughout all the stages of the plant 

lifecycle, e.g. design, commissioning and operation. However, Level 5 countermeasures should be 

oriented towards a more conservative approach in order to meet the aforementioned condition of 

preventing doses because of a deficient / lack of planning. 

• Extreme accidents should be taken based on the analysis of any kind of postulated initiating event 

and accounting for plant-specific design and safety features. This means internal and external 

hazards in any operational mode, including common-cause failure between units within the same 

site, and not only related to safety but also to security. Any approach for the selection of 

representative source terms for calculating the EPZ distance should avoid screening scenarios out 

based solely on a low frequency of occurrence. This goes in line with the concept of ‘practical 

elimination’ applied to Design Extension Condition (DEC) as supported by different international 

organizations: A set of conditions leading to large and / or early releases have to be ‘practically 

eliminated’, meaning they are “physically impossible for the conditions to arise”, or “they could be 

considered with a high level of confidence to be extremely unlikely to arise”, see e.g. [8] and [9]. 

These assumptions lead to the selection of scenarios featuring the most challenging radioactive releases in 

terms of timing and magnitude based on the previous application of accident safety analysis tools, i.e. 

deterministic and probabilistic, e.g. within the Safety Analysis Report. The selected scenarios may then be 

the most extreme scenarios in terms of timing and magnitude out of the most aggravating accidents within 

a risk-inform design approach. In terms of deterministic analysis, further aggravated DEC-B or accident 

category V (frequencies lower than 1e-6 /reactor/year) is the main source of scenarios, either by 

concatenating the scenario with additional failures, e.g. loss of additional safety equipment such as portable 

pumps, or by imposing more aggravating initiating events, e.g. bigger break sizes or faster transients. As for 

the risk-informed scenarios, Level 2/3 Probabilistic Risk Assessment application for all operational modes, 

internal and external hazards, including security-related events, constitutes the main source of scenarios. 
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This approach is not detrimental to Emergency Response actions fitted with the actual emergency scenario, 

from which an extension of the countermeasures beyond what is strictly necessary should be avoided as well. 

Emergency Response, in terms of the suitable extent and type of applicable countermeasures in time and 

space, might be still guided through a scenario-specific approach even if –as already highlighted– 

arrangements have been maximized under the Emergency Preparedness standpoint, and derived into EPZ 

distances. 

As for the multiple-unit aspect of SMRs, this is not a novel matter of concern but it just gets more emphasis 

in the field of SMRs and as such, it should be handled as currently approached for existing plants yet fully in 

line with the worst-case approach. In case of multiple units, the worst-case scenario from one single unit 

should be extended to comprise potential common-cause failures leading to a multiple-reactor release. 

It is relevant noticing that the criteria tackling the deterministic and probabilistic aspects of the offsite nuclear 

hazard –as developed in section 7 and 8 respectively– are independent of the methods taken for the accident 

selection and source term calculation, as long as both plants follow the same approach. 

6. Principle for Scaling Offsite Nuclear Hazard among Facilities of 
Different Power 

One of the main challenges brought by SMRs consists of decentralization: SMRs range from 300 MWe down 

to a 10 MWe [24], even going to lower power levels if including so-called micro-reactors. As a result, a 

significant number of nuclear sites to replace a single, large centralized power station, might be needed, 

hence proliferation may become an issue. Pinpointing the correct scaling quantities allowing comparison 

between plants of different sizes would be useful to ensure that the overall offsite nuclear hazard does not 

increase. 

Relevant offsite impact figures of merit for the nuclear hazard are the bounding released source term (or 

terms) and the corresponding doses taken by the population, as well as the risk of the existing nuclear / 

radiological installation (risk concept will be further elaborated in Section 8). These two representative 

quantities are applied to the downsized plant EPZ in order to comply with the following fundamental guiding 

principle: 

“The impact of SMRs on society shall not exceed the impact of a reference nuclear site when scaling the offsite 

nuclear hazard in terms of power generation.” 

This principle assumes that the aim of electricity production is shared by both plants, which means that 

downscaled plants addressing different needs, e.g. hydrogen generation, process / district heat, energy 

storage, etc., do not easily accommodate to this approach. 

This principle embeds three key ideas that deserve clarification: 

1. The burden on society brought by nuclear facilities can be measured as per power generating unit. 

2. Comparison is made between two alternative worlds leading to a similar power supply: the first one 

consisting of a single, reference nuclear site; the second represented by multiple SMR sites. This 

principle aims at ensuring that multiple downsized nuclear sites do not lead to higher offsite nuclear 

hazard. 

3. By keeping the definition of offsite nuclear hazard in mind, the impact of SMRs comprises two 

different safety magnitudes, namely one deterministic and one probabilistic, therefore, two 

acceptance criteria have to be developed accordingly. 
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o In terms of power scaling, and irrespective of the accident evolution signature, the size of 

society exposed to ionizing radiation in case of accident in the large, centralized plant, should 

be higher or equal to that of an alternative world made up of a set of SMRs featuring the 

same power supply as an alternative solution for energy production. Higher –rather than 

only equal– on the basis of taking SMRs as a further step in NPP generations, i.e. towards 

achieving higher levels of safety. This is the deterministic safety goal. 

o As for the probabilistic criterion, SMRs shall not increase the radiological risk, where ‘risk’ 

includes the undesired consequences weighted by how likely such consequences are –hence 

the standard definition of risk. Just as for the deterministic criterion, the probabilistic 

criterion compares and limits the offsite nuclear risk between plants of different sizes so that 

the option of providing energy through SMRs does not result in higher levels of offsite risk. 

6.1. Reference Plant 

In order to compare two scenarios of electricity production through nuclear energy, the idea of 'reference 

plant’ becomes fundamental: 

The reference plant is a single nuclear plant featuring a set of representative source terms leading to a set of 

reference distances respectively. The reference plant meets with the safety requirements for existing and 

new plants.  

The scaling approach developed in the following sections looks at limiting the EPZ distance and released 

source terms featured by a downsized plant when compared to the reference plant in order to respect the 

key principle set above at the beginning of Section 6 –this is the deterministic safety compliance criterion. It 

also looks at limiting the offsite nuclear risk in light of the different scales between the reference plant and 

the SMR –this is the probabilistic safety compliance criterion. 

In order for these criteria to be applied, both plants –reference and SMR– should follow the same method to 

compute the source term and EPZ distance. The applied method in this report follows the selected options 

collected in Table 3. As a result, it must be checked that the reference source term and meteorological 

conditions follow a worst-case approach for the source term. It should also be checked that the radioactive 

dispersion has been accounted for through plume diffusion- and advection-driven model rather than 

otherwise, e.g. through Lagrangian, particle stochastic approach. If this were not be the case, the reference 

source term and / or EPZ distance should first be recalculated. However, as pointed out at the end of Section 

5, the proposed power-scaling criteria are independent of the selections made in addressing the tasks of a 

plant-specific methodology for the determination of the EPZ distance. 

In regards to the reference list of representative source terms, a solid reference should be found in the 

literature or provided by the regulator. It could also be calculated through application of an agreed set of 

hypotheses valid for the reference plant depending on their design and safety features. For instance, if a 

twofold approach for the release source term applies, a suitable ICRST may be coupled with different sets of 

assumptions to get the list of applicable reference source terms, e.g. in terms of containment failure size, 

etc. 
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7. SMR Deterministic Safety Compliance Criterion 

7.1. Power-Scaling Factor 

Drawn from the key principle formulated in Section 6, the cumulative impact of the set of SMRs shall not 

exceed that one brought by the reference site for a similar power supply5. This means that the integrated 

area affected by a potential radiological release of a SMR site shall be limited by the area affected by a new, 

large plant when scaled per unit of generated electric power. This statement adopts the following 

mathematical expression: 

𝜋 ∙
𝑟𝑟𝑒𝑓
2

𝑃𝑟𝑒𝑓
≥ 𝜋 ∙

𝑟𝑆𝑀𝑅
2

(𝑛 ∙ 𝑃𝑆𝑀𝑅,𝑢𝑛𝑖𝑡)
(1) 

Where r stands for EPZ distance leading to similar consequences respectively (similar dose threshold); P 

stands for the electric power; n stands for the number of SMR units hosted onsite; and ref for reference plant, 

a concept that has already been introduced previously. 

Let us call SP the power-scaling factor: 

𝑆𝑃 ≔
𝑃𝑟𝑒𝑓

𝑛 ∙ 𝑃𝑆𝑀𝑅,𝑢𝑛𝑖𝑡
=
𝑃𝑟𝑒𝑓

𝑃𝑆𝑀𝑅
> 1 (2) 

The power scaling factor allows us to define power scaled distances limiting the area affected by the SMR 

site when compared to the reference site whose consequences are identical when the distance (or area) is 

scaled by 1/√𝑆𝑃
6: 

�̃�𝑆𝑀𝑅 =
𝑟𝑟𝑒𝑓

√𝑆𝑃
 (3) 

Where ‘~’ stands for scaled value. 

7.2. Source-Strength-Scaling Factor 

Absorbed doses depend –onsite– on radioactive releases and –offsite– on atmospheric dispersion. Source 

term is a representative parameter of the nuclear installation whereas atmospheric dispersion is not. This is 

why it is useful to know the acceptable source term featured by a downsized plant complying with the 

principle of scaled distances. 

In order to know whether a SMR meets with the acceptable EPZ distances, the undesired consequences as 

absorbed dose shall be calculated in such a way that the cumulative dose by any receptor at any location as 

a consequence of a potential radiological release of a SMR shall be less or equal to the dose at similar power-

scaled distances. 

Absorbed dose is linear to radionuclide concentrations (in Bq/m3) at radionuclide level7 (quantified at a 

certain time and space). The radionuclide concentration at a certain point in space can be derived by applying 

 
5 It is relevant noticing that the impact area, EPZ distance, is calculated at site and not at reactor level: if the site hosting 

multiple SMRs achieve similar power supply than the reference plant, SMRs will not lead to site proliferation. 

6 Obviously, the scaled distance for a reference plant is �̃�𝑟𝑒𝑓 =
𝑥𝑟𝑒𝑓

√1
= 𝑥𝑟𝑒𝑓. 

7 Each radionuclide presents a different damage, hence a different dose conversion factor. By working at radionuclide 
level, the conversion between undesired consequences, dose and radionuclide concentration is exact. 
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the well-known diffusion-driven and advection-driven Gaussian model for the source term atmospheric 

dispersion8,9: 

𝜒 =
𝑄

2𝜋𝜎𝑦𝜎𝑧�̅�
∙ 𝑒𝑥𝑝 (−

𝑦2

2𝜎𝑦
2) ∙ [𝑒𝑥𝑝 (−

(𝑧−ℎ)2

2𝜎𝑧
2 ) + 𝑒𝑥𝑝 (−

(𝑧+ℎ)2

2𝜎𝑧
2 )] (4)

Where: 

𝜒 is the radionuclide concentration [kg/m3]; 

Q is the source strength, namely the radioactive release per radionuclide element or group [kg/s]; 

𝜎𝑦 is the horizontal concentration statistical deviation at distance x from the release point [m]; 

𝜎𝑧 is the vertical concentration statistical deviation at distance x from the release point [m]; 

z is the receptor height above ground [m]; 

h is the release height above ground [m]; 

�̅� is the axial mean velocity at h height [m/s]. 

Experimental evidence on the accuracy of the Gaussian model by implementing tabulated dispersion 

coefficients is robust and worldwide used for dose calculations. 

As it has already been noted above, the scaled approach for distances and source terms is independent of 

the atmospheric dispersion model (this is a ‘soft’ criterion in the scaling methodology), hence it is not 

necessary to use the Gaussian model as long as both the reference and downsized plant source terms and 

distances are calculated following the same dispersion model. 

In order to make the EPZ equal at similar scaled distances, the maximum radionuclide concentration at both 

the border of the reference EPZ and downsized plant EPZ shall be equal. By making the radionuclide 

concentration equal at scaled distances, a reduction in the downsized plant EPZ is such that their cumulative 

EPZ areas is less or equal to the reference plant EPZ. 

This condition assumes that the EPZ distance is taken such the dose threshold related to a specific 

countermeasure is not exceeded beyond that distance. By making the radionuclide concentration equal at 

scaled distances, a decreasing trend of the radionuclide concentration with the downwind distance is 

implicitly assumed, in such a way that the concentration beyond that scaled distance is not of concern. 

However, such negative derivative of the radionuclide concentration with respect to the downwind distance 

is not always the case. As a matter of fact, for very stable atmospheric conditions, it can happen that the 

radionuclide concentration reaches a peak somewhere far from the source point and only decreases down 

that distance value. This means that if the scaled distance is located in the positive slope of the radionuclide 

concentration evolution, then the downscaled plant EPZ will be larger since larger concentrations will be 

achieved beyond the scaled distance. For instance, for atmospheric class F and source height at 25 metres, 

the radioactive concentration at the ground in the plume centreline is shown in Figure 3: 

 
8 While the model has proven to be robust for medium and long distances, near-field dispersion phenomena need 
especial consideration, e.g. due to wake effects.to be especially taken into account into the model to get accurate 
results. This is why the selection of a lower bound value within which the model provides accurate results should be 
known and selected in advance. If wake effects can be screened out, then 100 meters is usually deemed to be an 
accepted value [25]. 
9 No deposition, i.e. assumption of mass continuity hypothesis, has been accounted for in the formulation, which yields 
to bigger EPZ distances –given that the lower the deposition, the higher the 𝜒/𝑄 along the downwind distance. 
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Figure 3. X/Q for Atmospheric Class F at the ground and 25-m source term height 

If the scaled distance is lower than the function maximum, the radionuclide concentration will take larger 

values beyond the scaled distance. In order to take this possibility into account, the radioactive concentration 

at scaled distances will have to be limited further by accounting for this potential increase in concentration. 

Following with the example, if the scaled distance is 800 meters, then X/Q at that distance is 5.44e-05 s/m3. 

But the peak value is 7.10e-05 s/m3 reached at 1.5 km ca. This means that the concentration will become 

larger with a factor of 1.310 –this factor strongly dependent on the atmospheric stability and source height. 

By reducing the downscaled plant source term by 1.3, the further increase of the radioactive concentration 

will be absorbed and hence not exceed the value achieved at the reference plant EPZ boundary. 

The maximum value is found downwind at y=0 –hence at the plume centreline plane: 

𝜒𝑟𝑒𝑓 =
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Where ‘^’ stands for the average source strength: 

�̂�𝑅 =
1

𝑡𝑒
∫ 𝑄𝑅(𝑡)𝑑𝑡

𝑡𝑎+𝑡𝑒

𝑡𝑎

≈
1

𝑡𝑒
∑𝑞𝑅,𝑖 ∙ 𝛿𝑡

𝑖=𝑛

𝑖=1

 (7) 

Where 𝑡𝑎 and 𝑡𝑒 are the beginning of the exposure time and the exposure duration agreed for a specific 

countermeasure (hence EPZ). The source strength has been discretized into n time intervals of duration 𝛿𝑡 

along the exposure time for the selected dose threshold, leading to constant source strengths 𝑞𝑅,𝑖  (in Bq/s) 

along each interval i. 

𝜒𝑟𝑒𝑓 = 𝜒𝑆𝑀𝑅 at equal scaled distances11: 

 
10 If the scaled distance is found at the positive slope for different atmospheric classes, the largest factor will be taken 
among them. 
11 It is assumed that enough solid information is available on the representative source terms for both installations. 
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�̂�𝑟𝑒𝑓

�̂�𝑆𝑀𝑅
휀⁄
= 휀 ∙

�̅�𝑟𝑒𝑓

�̅�𝑆𝑀𝑅
∙
𝜎𝑦(𝑥)𝜎𝑧(𝑥)

𝜎𝑦(�̃�)𝜎𝑧(�̃�)
∙
[𝑒𝑥𝑝 (−

(𝑧 − ℎ𝑆𝑀𝑅)
2

2𝜎𝑧
2(�̃�)

) + 𝑒𝑥𝑝 (−
(𝑧 + ℎ𝑆𝑀𝑅)

2

2𝜎𝑧
2(�̃�)

)]

[𝑒𝑥𝑝 (−
(𝑧 − ℎ𝑟𝑒𝑓)

2

2𝜎𝑧2(𝑥)
) + 𝑒𝑥𝑝(−

(𝑧 + ℎ𝑟𝑒𝑓)
2

2𝜎𝑧2(𝑥)
)]

= 휀 ∙ 𝐾𝑠𝑠(𝑥, 𝑦, 𝑧) (8) 

Where the source strength factor 휀 stands for the ratio between the peak X/Q at the right of the scaled 

distance and the value at the scaled distance of the downsized plant limited to be greater than one: 

휀 ≔
max
𝐴𝐶

𝜒
𝑄⁄ |
𝑥≥𝑥

max
𝐴𝐶

𝜒
𝑄⁄ |
𝑥=�̂�

≥ 1 (9) 

Since the reference and analysed plant are both assumed to be located at the same location, the site-specific 

wind velocity is the same. However, wind velocity presents a strong vertical profile dependent on the release 

height and modelled through a power law: 

𝑢𝑧 = 𝑢𝑧,0 ∙ (
𝑧

𝑧0
)
𝑝

 (10) 

Where sub-index 0 stands for a reference value of wind speed at a reference height (here ‘reference’ does 

not refer to the reference plant but to the origin of the measured wind speed along the vertical profile). The 

value of p depends on the atmosphere stability class and has been tabulated for z0=10 as follows [26]: 

Stability Class Urban Rural 

A 0.15 0.07 

B 0.15 0.07 

C 0.20 0.10 

D 0.25 0.10 

E 0.30 0.35 

F 0.30 0.55 

The ratio of wind speeds between the reference and downsized plant depends on the release heights of both 

plants: 

�̅�𝑟𝑒𝑓

�̅�𝑆𝑀𝑅
=
𝑢𝑧,0 ∙ (

ℎ𝑟𝑒𝑓
𝑧0
)
𝑝

𝑢𝑧,0 ∙ (
ℎ𝑆𝑀𝑅
𝑧0

)
𝑝 = (

ℎ𝑟𝑒𝑓

ℎ𝑆𝑀𝑅
)

𝑝

(11) 

All the possible release heights should be taken for both plants and corrected by accounting for the buoyancy 

effect at the release point [27] as a plume rise contribution which evolves with the downwind distance. For 

unstable or neutral conditions, atmospheric classes A – D: 

𝐹 =
𝑔

4
𝑉𝑆𝐷𝑆

2
𝑇𝑆 − 𝑇

𝑇𝑆
 (12) 

The downwind distance where the plume rise reaches its maximum is: 

𝑥𝑓 = 49𝐹
5
8 𝑓𝑜𝑟 𝐹 < 55 (13) 

𝑥𝑓 = 119𝐹
2
5 𝑓𝑜𝑟 𝐹 ≥ 55 (14) 

The plume rise for classes A – D is calculated with the following expressions: 
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∆ℎ =
1.6𝐹

1
3𝑥
2
3

𝑢
 𝑓𝑜𝑟 𝑥 < 𝑥𝑓 (15) 

∆ℎ =
1.6𝐹

1
3𝑥
𝑓

2
3

𝑢
 𝑓𝑜𝑟 𝑥 ≥ 𝑥𝑓 (16)

 

For stable conditions, atmospheric classes E – F: 

𝑠 =
0.02𝑔

𝑇
 𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 𝐸 (17) 

𝑠 =
0.035𝑔

𝑇
 𝑓𝑜𝑟 𝑐𝑙𝑎𝑠𝑠 𝐹 (18) 

The threshold distance xf is calculated as follows: 

𝑥𝑓 = 3.14
𝑢

√𝑠
 (19) 

The plume rise for classes E and F is calculated with the following expressions: 

∆ℎ =
1.6𝐹

1
3𝑥
2
3

𝑢
 𝑓𝑜𝑟 𝑥 < 𝑥𝑓 (20) 

∆ℎ = min{
2.4𝐹

1
3

𝑢𝑠
,
5𝐹

1
4

𝑠
3
8

}𝑓𝑜𝑟 𝑥 ≥ 𝑥𝑓 (21) 

The plume rise caused by buoyancy effects is enhanced in case of a multiple-source release scenario, –more 

suitable for downscale plants due to their modular nature. Such increase in the plume rise is taken into 

account through the following enhanced factor [25]: 

𝐸𝑁 = (
𝑁 + 𝑆

1 + 𝑆
)

1
3
 (22) 

Where: 

𝑆 = 6 [
(𝑁 − 1)∆𝑥

𝑁
1
3∆ℎ

]

3
2

 (23) 

N is the number of release sources and ∆𝑥 is the distance between sources. 

The horizontal and vertical dispersion coefficients, 𝜎𝑦(𝑥) and 𝜎𝑧(𝑥), are a strong function of the atmospheric 

stability. Analytical expressions are found in many references, e.g. [28] and [29]. 

The EPZ is defined as the area measured from the nuclear site beyond which the dose threshold criterion 

required to protect people is not exceeded. In order to meet with the scaling distance criterion so that the 

resulting cumulative EPZ area from the entire downsized sites is equal to the area comprised by the reference 

EPZ for a similar power supply, the downsized source term should be a fraction of the reference source term. 

This reduction factor is given by the local maximum source strength along the different atmospheric classes: 
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𝐾𝑠𝑠,𝑚𝑎𝑥 =
�̂�𝑟𝑒𝑓

�̂�𝑆𝑀𝑅
=

1
𝑡𝑒
∑ 𝑞𝑟𝑒𝑓,𝑖 ∙ 𝛿𝑡
𝑖=𝑛
𝑖=1

1
𝑡𝑒
∑ 𝑞𝑆𝑀𝑅,𝑖 ∙ 𝛿𝑡
𝑖=𝑛
𝑖=1

=
𝑄𝑎𝑐𝑐,𝑟𝑒𝑓

𝑄𝑎𝑐𝑐,𝑆𝑀𝑅
=

휀 ∙ max
𝐴𝐶

{
𝜒
𝑄⁄ |
𝑥=�̃�,𝑆𝑀𝑅

}

max
𝐴𝐶

{
𝜒
𝑄⁄ |
𝑥=𝑥,𝑟𝑒𝑓

}
 (24) 

Equation (24) is easy to solve as it depends on tabulated values. 

The scaled source strength allows us setting an upper limit for the downsized plant released source term 

compared to a reference plant of different scale, no matter the design. 

7.3. Scaled Impact Factor 

The scaling source strength determines an equivalent impact in terms of the affected area by the radiological 

release between different facility sizes. Nevertheless, the undesired consequences do not directly come from 

the radiological release but depend on the damage resulting from radiation, which is a function of both the 

radiation type and targeted organ / tissue. This is why the impact on deviations of the source strength at 

radionuclide level have to be weighted by the dose conversion factors: 

𝐼 =∑

(

 𝐷𝐶𝐹̅̅ ̅̅ ̅̅
𝑅 ∙

�̂�𝑅,𝑆𝑀𝑅,𝑎𝑐𝑡𝑢𝑎𝑙

�̂�𝑅,𝑟𝑒𝑓
𝐾𝑆𝑆,𝑚𝑎𝑥
⁄

)

 

𝑅

=∑

(

 
 
𝐷𝐶𝐹̅̅ ̅̅ ̅̅

𝑅 ∙
𝐾𝑆𝑆,𝑚𝑎𝑥

�̂�𝑅,𝑟𝑒𝑓
�̂�𝑅,𝑆𝑀𝑅,𝑎𝑐𝑡𝑢𝑎𝑙
⁄

)

 
 
=

𝑅

∑(�̅�𝐶𝐹𝑅 ∙
𝐾𝑆𝑆,𝑚𝑎𝑥
𝐾𝑆𝑆,𝑅,𝑎𝑐𝑡𝑢𝑎𝑙

)

𝑅

≤ 1 (25) 

Where �̅�𝐶𝐹𝑅 is the normalized dose conversion factor at radionuclide level. For instance, if the key dose 

quantity is the TEDE (Total Effective Dose Equivalent), then: 

�̅�𝐶𝐹𝑅 =
𝑓𝑖𝑛ℎ,𝑅 ∙ 𝐵 + 𝑓∞,𝑅

∑ (𝑓𝑖𝑛ℎ,𝑖 ∙ 𝐵 + 𝑓∞,𝑖)𝑖

 (26) 

Where 𝑓𝑖𝑛ℎ and 𝑓∞ stands for the dose conversion factor for inhalation and exposure (in Sv/Bq and 

[Sv/s]/[Bq/m3] respectively), and B for the critical receptor breathing rate (in m3/s). Aside from inhalation, 

equation (26) considers plume exposure from cloud immersion (including reflection on the ground), in line 

with [18]. In order to consider the contribution of the exposure due to the contaminated ground surface, the 

deposition velocity during a specific time interval at radionuclide level (see equation (41) below) should have 

to be accounted for as a proportionality constant of the groundshine conversion factor before adding it to 

the other terms in equation (26). 

If the list of radionuclides differs among the reference and downscaled plant, the list of the reference plant 

is taken. If �̂�𝑅,𝑆𝑀𝑅 = 0, the term for radionuclide R simply cancels. If �̂�𝑅,𝑟𝑒𝑓 = 0, in order to avoid infinite 

among the terms contributing to the impact scaling criterion, the source strength of that radionuclide is 

added to the one featuring the closest (yet higher for the sake of conservatism) normalized dose factor. 

The source strength ratio in equality (25) can be rewritten as follows: 

�̂�𝑅,𝑟𝑒𝑓
�̂�𝑅,𝑆𝑀𝑅,𝑎𝑐𝑡𝑢𝑎𝑙
⁄ =

1
𝑡𝑒
∑ 𝑞𝑟𝑒𝑓,𝑖 ∙ 𝛿𝑡
𝑖=𝑛
𝑖=1

1
𝑡𝑒
∑ 𝑞𝑆𝑀𝑅,𝑖 ∙ 𝛿𝑡
𝑖=𝑛
𝑖=1

=
𝑄𝑅,𝑎𝑐𝑐,𝑟𝑒𝑓

𝑄𝑅,𝑎𝑐𝑐,𝑆𝑀𝑅
 (27) 

Where 𝑄𝑅,𝑎𝑐𝑐 stands for the cumulative releases of radionuclide R that can be formulated as a fraction of the 

initial inventory at each radionuclide level at unit level, which in turn is a function of the thermal power: 

𝑄𝑅,𝑎𝑐𝑐 = 𝜂𝑅 ∙ 𝑄𝑅,𝑖𝑛𝑖 = 𝜂𝑅 ∙ 𝛼𝑅 ∙ 𝑃 (28) 
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�̂�𝑅,𝑟𝑒𝑓

�̂�𝑅,𝑆𝑀𝑅
=

𝜂𝑅,𝑟𝑒𝑓 ∙ 𝛼𝑅,𝑟𝑒𝑓 ∙ 𝑃𝑟𝑒𝑓

𝑛𝑆𝑇 ∙ 𝜂𝑅,𝑆𝑀𝑅 ∙ 𝛼𝑅,𝑆𝑀𝑅 ∙ 𝑃𝑆𝑀𝑅,𝑢𝑛𝑖𝑡
 (29) 

Where 𝑛𝑆𝑇 is the number of release sources in the downscaled plant and it has been assumed that all failed 

units release equal (in case of multiple releases). 

If 𝛼𝑅,𝑟𝑒𝑓 ≈ 𝛼𝑅,𝑆𝑀𝑅 for all radionuclides, and calling
𝜂𝑅,𝑟𝑒𝑓

𝜂𝑅,𝑆𝑀𝑅⁄ = 𝜂𝑅, then: 

𝐼 = ∑

(

 
 
𝐷𝐶𝐹̅̅ ̅̅ ̅̅

𝑅 ∙
𝐾𝑆𝑆,𝑚𝑎𝑥

�̂�𝑅,𝑟𝑒𝑓
�̂�𝑅,𝑆𝑀𝑅,𝑎𝑐𝑡𝑢𝑎𝑙
⁄

)

 
 

𝑅

=∑(𝐷𝐶𝐹̅̅ ̅̅ ̅̅
𝑅 ∙

𝐾𝑆𝑆,𝑚𝑎𝑥
𝜂𝑅 ∙ 𝛼𝑅,𝑟𝑒𝑓 ∙ 𝑃𝑟𝑒𝑓

𝑛𝑆𝑇 ∙ 𝛼𝑅,𝑆𝑀𝑅 ∙ 𝑃𝑆𝑀𝑅,𝑢𝑛𝑖𝑡

)

𝑅

=
𝑛𝑆𝑇
𝑛
∙
𝐾𝑆𝑆,𝑚𝑎𝑥
𝑆𝑃

∑(
𝐷𝐶𝐹̅̅ ̅̅ ̅̅

𝑅

𝜂𝑅
)

𝑅

≤ 1 (30) 

If 𝜂𝑅|𝑖 ≈ 𝜂𝑅|𝑗 = 𝜂 for all radionuclides i, j, then: 

𝐼 ≈
𝑛𝑆𝑇
𝑛
∙
𝐾𝑆𝑆,𝑚𝑎𝑥
𝑆𝑃 ∙ 𝜂

∑(�̅�𝐶𝐹𝑅)

𝑅

≤ 1 → 𝜂 ≥
𝑛𝑆𝑇
𝑛
∙
𝐾𝑆𝑆,𝑚𝑎𝑥
𝑆𝑃

 (31) 

This inequality sets a limit to the deterministic aspect of nuclear hazard of the downsized plant compared to 

the reference plant when looking at the radioactive releases. For instance, if 𝑆𝑃=10,  𝐾𝑆𝑆,𝑚𝑎𝑥 = 8, and the 

number of release sources equals the number of units, the SMR can release a fraction of the initial inventory 

higher than the reference plant to achieve the same level of overall nuclear hazard (from the deterministic 

standpoint) by the reference plant. 

If the reference and downsized plant share the same design, then the representative accident is the same, 

which means that 𝛼𝑅,𝑟𝑒𝑓 = 𝛼𝑅,𝑆𝑀𝑅 and 𝜂𝑅|𝑖 = 𝜂𝑅|𝑗 = 1 for all radionuclides, leading to the following 

bounding condition: 

𝜂 = 1 ≥
𝑛𝑆𝑇
𝑛
∙
𝐾𝑆𝑆,𝑚𝑎𝑥
𝑆𝑃

→ 𝐾𝑆𝑆,𝑚𝑎𝑥 ≤
𝑛

𝑛𝑆𝑇
∙ 𝑆𝑃 (32) 

If inequality (32) is not met, a reduction in plant power generation (hence with the same design) leads to 

lower levels of safety for the environment and population –as long as the downsized plant EPZ is not zero, 

i.e. the EPZ is located at the plant boundary. 

The scaled impact 𝐼 does not have a physical meaning: it just establishes a quantitative criterion to limit the 

deterministic impact of a nuclear / radiological facility compared to another plant of a different size. 

The use of a source-term-dependent –rather than a dose-dependent– impact safety criterion facilitates the 

calculation and makes the acceptability of the EPZ distances for a downsized plant straightforward. In 

addition, if 𝐼 is equal or close to 1, then the EPZ distance is already known and equal to the scaling distance.  

By comprising the normalized dose conversion factors of all potential radionuclides released by both the 

reference and downsized plants, the application of the scaled impact criterion covers all types of SMRs hence 

not only those of similar design to the reference facility. 

The scaled impact criterion allows setting a threshold directly on the radioactive releases of downsized plants 

in such a way that the overall deterministic nuclear hazard is not impaired when reference existing plants are 

replaced by and split into as many SMRs as needed to provide with the same power supply. Furthermore, by 

making the impact criterion a function of the radioactive source term, which is a plant and reactor parameter, 

uncertainties on offsite calculations, as well as new sources of discrepancy between the results of the 

reference plant in doses or EPZ distances, are avoided. 
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8. SMR Risk-Informed Safety Compliance Criterion 

The full impact of a nuclear / radiological facility does not limit to the bounding undesired consequences in 

terms of dose, but it also deals with how frequent such undesired consequences may occur, as anticipated 

under Section 6. This is why a second limiting risk-driven criterion complements the deterministic one. Such 

risk is the linear result of the product of radiological release frequency and dose consequences, which allows 

to directly scale the risk that a plant of a different size compared to a reference plant should feature: 

∑ (𝑓𝑟𝑒𝑞𝑗𝑥𝑇𝐸𝐷𝐸𝑗)

𝑒𝑣𝑒𝑛𝑡 𝑗

|

𝑆𝑀𝑅

 ≤  
1

𝑆𝑃
∑ (𝑓𝑟𝑒𝑞𝑗𝑥𝑇𝐸𝐷𝐸𝑗)

𝑒𝑣𝑒𝑛𝑡 𝑗

|

𝑟𝑒𝑓

 (33) 

As for the dose calculation: 

• The plant boundary is taken for the distance; 

• The scenarios are limited to those yielding dose values beyond the dose threshold for the population 

–usually being 1 mSv cumulative dose. 

The above inequality is developed as follows12: 

𝑆𝑃 ≤
∑ (𝑓𝑟𝑒𝑞𝑗𝑥𝑇𝐸𝐷𝐸𝑗)𝑒𝑣𝑒𝑛𝑡 𝑗 |

𝑟𝑒𝑓

∑ (𝑓𝑟𝑒𝑞𝑗𝑥𝑇𝐸𝐷𝐸𝑗)𝑒𝑣𝑒𝑛𝑡 𝑗 |
𝑆𝑀𝑅

 
=

∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅 ∙
𝜒
𝑄⁄ |
max (𝐴𝐶)

∙ 𝑄𝑅,𝑎𝑐𝑐𝑅𝑗 |
𝑟𝑒𝑓

∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅 ∙
𝜒
𝑄⁄ |
𝑚𝑎𝑥(𝐴𝐶)

∙ 𝑄𝑅,𝑎𝑐𝑐𝑅𝑗 |
𝑆𝑀𝑅

 (34) 

Where r is the site boundary distance from the source term point and AC stands for each Atmospheric Class. 

Since the X/Q factors are constant, they can be taken out of the series. Calling SB the site boundary distance 

from the source point: 

𝑆𝑃 ≤

𝜒
𝑄⁄ |
𝑚𝑎𝑥(𝐴𝐶),𝑟=𝑆𝐵𝑟𝑒𝑓

𝜒
𝑄⁄ |
𝑚𝑎𝑥(𝐴𝐶),𝑟=𝑆𝐵𝑆𝑀𝑅

∙
∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅 ∙ 𝑄𝑅,𝑎𝑐𝑐𝑅𝑗 |

𝑟𝑒𝑓

∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅 ∙ 𝑄𝑅,𝑎𝑐𝑐𝑅𝑗 |
𝑆𝑀𝑅

 (35) 

If the site boundary is located at the same distance from the release in both plants, and releases take place 

at relatively similar heights and temperatures, equation (35) becomes: 

𝑆𝑃 ≤
∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅𝑅 𝑄𝑗,𝑅,𝑎𝑐𝑐𝑗 |

𝑟𝑒𝑓

∑ 𝑓𝑟𝑒𝑞𝑗 ∑ 𝐷𝐶𝐹𝑅𝑅 𝑄𝑗,𝑅,𝑎𝑐𝑐𝑗 |
𝑆𝑀𝑅

(36) 

This probabilistic criterion does not affect the EPZ distance since this is shaped, as already stressed, by the 

worst-case scenario. 

The probabilistic criterion requires Level 2 PRA application without which it is not possible to know if the risk 

featured by the downsized plant is higher than the reference plant’s. 

It is worth noting that such comparison between risk figures of merit of different nuclear installations should 

be limited to plants under the same national regulatory framework, i.e. subject to the same PRA rules and 

assumptions, in line with what stated above at the end of section 6.1. If this is not the case, PRA results may 

 
12 Given that doses are evaluated at the site boundary, plume depletion can be neglected without significant deviation. 
Radioactive deposition will neither be taken into account even though the following equations could easily be 
accommodated to do so. 
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depart one another significantly due to differences in the methodology application. In the absence of plant-

specific Level 2 PRA results under the same national regulatory framework, well-established generic Level 2 

PRA applications, e.g. [15], may be taken with due caution. 

9. Determination of the EPZ Distance for SMRs 

As it has already been introduced under Section 3.2, EPZ distances can be based on a coarse, generic 

approach, or on a plant-specific approach. The latter, here recommended as the only one accounting for SMR 

design and safety features, requires source term characterization. This source term (or terms) are then 

inputted into an atmospheric dispersion modelling and dose calculation tool. 

In terms of modelling steps, such plant-specific / site-specific approach suggested here is fully aligned with 

the one proposed by IAEA-sponsored Nuclear Regulators’ Forum and shown in Figure 2 above. This set of 

steps constitutes nothing more, nothing less, than the reasonable path to calculate dose consequences based 

on specific information dealing with source term and atmospheric dispersion. Nevertheless, it leaves the door 

open when it comes to each step application, e.g. it does not provide guidance on accident selection for the 

representative source term. The suggested method here fills the gaps with the selected options shown in 

Table 3. 

Provided the source term for the two plants is known, there are many available simulation software tools 

nowadays to model atmospheric dispersion phenomena and dose calculation. This is why developing new 

models or performing a literature survey here is deemed unnecessary. Notwithstanding with the above, 

downsized plants can also make already known issues for atmospheric dispersion modelling become 

especially relevant: 

• Wake effects at the vicinity of the plant may have a larger influence on atmospheric dispersion 

because small plants could be located relatively close to buildings –whereas large plants are mostly 

located in rural, low-populated areas. 

• The number of sources in extreme accidents in SMR plants can be numerous. A deep analysis on the 

factors eventually influencing the final source term, e.g. merging, enhancement of plume rise, etc., 

should be addressed more deeply. 

• Atmospheric dispersion is sensitive to source term boundary conditions such as gas outlet velocities, 

temperature, and mostly release height, which drastically can differ from standard plants since many 

SMR plants are totally underground. Such effects should also be taken into account. 

• As it has already been stressed, still the most important aspect in determining the EPZ distance for 

SMRs lies on the quantification of the source term. This is why the consolidation of a sound 

methodology to come up with the representative accident becomes crucial. In this work, it has 

already been justified and suggested the rationale behind applying a deterministic, worst-case 

approach. 

For the sake of completeness, this section will provide two plant-specific methods of determining the EPZ 

distance for downsized plants even if, as already argued, the goal is not to reproduce here the basis for the 

atmospheric dispersion modelling: 

• A direct method, which follows a standard approach for atmospheric dispersion and dose calculation; 

• An inverse method, based on extrapolating the EPZ distance from a reference to a downsized plant. 
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9.1. Deterministic Direct Method for Determining the EPZ Distance 

The direct approach is based on taking each dose threshold, 𝐷𝑡ℎ(𝐸𝑃𝑍), assigned to a specific action and 

calculating the resulting distance through the atmospheric diffusion equation. The maximum value is taken 

among the atmospheric stability classes for each EPZ circular area covered by the following bounds: 

𝑆𝑖𝑡𝑒𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ≤ 𝑥 ≤ 𝐸𝑃𝑍𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

0 ≤ 𝑦 ≤ √𝐸𝑃𝑍𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
2 − 𝑥2 

0 ≤ 𝑧 ≤ max (2 ∙ 𝑧𝑟𝑒𝑙𝑒𝑎𝑠𝑒 , 50) 

𝐷𝑡ℎ(𝐸𝑃𝑍) = max
𝐴𝐶

{∑(𝐷𝑅 ∙ 𝜒𝑇,𝑅,𝑆𝑀𝑅,𝐴𝐶(𝑥, 𝑦 = 0, 𝑧, 𝑡))

𝑅

} → 𝑥 ∀𝐴𝐶 = 𝐴,…𝐹 (37) 

In terms of the horizontal coordinate, the maximum concentration is always found at the plume centre plane, 

hence it is legitimate to impose y=0. 𝜒𝑇,𝐴𝐶  is the total radionuclide concentration exposure. Radiation 

exposure comes from irradiation from the plume –including reflection on the ground and inhalation– and 

irradiation from radionuclide deposition. 

The reason to track both terms distinctly lies on two facts: first, the radioactive flowrate nearly decays during 

transiting the receptor location given its low time of exposure while traveling whereas the deposited material 

strongly decays along the total exposure time; the radioactive flowrate does not accumulate while the 

deposited one does. 

As for the plume exposure (including reflection), the Gaussian approach has already been described above. 

The influence of particle deposition can be accounted for through a dimensionless depletion factor on the 

radionuclide concentration shown in equation (5). This factor mainly depends on the atmospheric conditions, 

e.g. dry or in presence of rain, atmospheric stability and radionuclide weight. For instance, for a dry 

deposition13: 

𝜔𝑅(𝑥) = e

∫
𝑑𝑥

𝜎𝑧 exp(
ℎ2

2𝜎𝑧
)

𝑥

0
[−(

2
𝜋
)

1
2
(
𝑣𝑑,𝑅
𝑢
)]

(38)
 

Where 𝑣𝑑,𝑅 is the radionuclide-dependent deposition velocity. It is noted that 𝜔𝑅 depends on the particle 

size, distance from the source and atmospheric conditions. 

The dose, DR, from radionuclide R is computed through the following expression: 

𝐷𝑅(𝑥, 𝑦, 𝑧, 𝑡) = max
𝐴𝐶

𝜒
𝑄⁄ (𝑥, 𝑦, 𝑧)|

𝑅
∙ 𝐷𝐶𝐹𝑅∫ 𝑄𝑅(𝑡)𝑑𝑡

𝑡𝑒

𝑡𝑎

=
𝜒𝐴𝐶(𝑥, 𝑦, 𝑧)

𝑄
∫ (𝑃𝑅(𝑡) + 𝑆𝑅(𝑡))𝑑𝑡
𝑡𝑒

𝑡𝑎

(39) 

Where 𝑡𝑎 is the starting release time; 𝑡𝑒 the exposure time according to the specific countermeasure taken 

for the determination of the EPZ distance; 𝑄𝑅(𝑡) is the source strength, 𝑃𝑅(𝑡) and 𝑆𝑅(𝑡) are the plume and 

deposition source strength respectively: 

𝑃𝑅(𝑡) = 𝜔𝑅(𝑥) ∙ 𝑄𝑅(𝑡) (40) 

 
13 Wet deposition is usually taken into account via a so-called washout coefficient, which is necessary for the calculation 
of doses in real conditions. It is recommended not to take wet deposition into account when determining the EPZ 
distances from an Emergency Preparedness standpoint. 
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𝑆𝑅(𝑡) = 𝜔𝑅(𝑥) ∙ 𝐷𝑉𝑅 ∙ 𝛿𝑡 ∙ 𝑄𝑅(𝑡) (41) 

Where 𝐷𝑉𝑅 is the deposition velocity –depending on the same factors than 𝜔𝑅(𝑥)– and 𝛿𝑡 is the discretized 

time interval for the 𝐷𝑉𝑅 and 𝑄𝑅(𝑡) terms calculation. 

The integral of equation (39) is solved separately for both integrands. Starting with the plume radioactive 

concentration term: 

𝑃𝑅(𝑡) = 𝑞𝑅,𝑖 ∙ 𝑒
−𝜆𝑅𝑡𝑖  𝑓𝑜𝑟 0 < 𝑡𝑖 < 𝛿𝑡 (42) 

Where 𝑞𝑅,𝑖  is the discrete, constant source strength for radionuclide R along the duration of the traveling 

time between the release location and the receptor is negligible. Such discretization assumes that 𝑛 ∙ 𝛿𝑡 =

𝑡𝑒, where 𝛿𝑡, or permanence irradiation time (the traveling time during which a specific portion of the plume 

irradiates the receptor –mainly depending on the wind velocity and plume height), chosen coincident with 

the discretized time interval 𝛿𝑡 –hence 𝑛 ∙ 𝛿𝑡 = 𝑡𝑒. It has been assumed that the traveling time between the 

release location and the receptor is negligible. Therefore, the integral in equation (39) is solved by discretizing 

the exposure time into n intervals: 

∫ 𝑃𝑅(𝑡)𝑑𝑡
𝑡𝑒

𝑡𝑎

= ∑ ∫ 𝜔𝑅,1 ∙ 𝑞𝑅,𝑖 ∙ 𝑒
−𝜆𝑅𝑡𝑑𝑡

𝛿𝑡

0

𝑖=𝑡𝑒

𝑖=𝑡𝑎

(43) 

By substituting the solution of the integrals: 

∫ 𝑞𝑅,𝑖 ∙ 𝑒
−𝜆𝑅𝑡𝑑𝑡

𝛿𝑡

0

=
𝜔𝑅(𝑥) ∙ 𝑞𝑅,𝑖

𝜆𝑅
∙ (1 − 𝑒−𝜆𝑅𝛿𝑡) (44) 

Into equation (43): 

∫ 𝑃𝑅(𝑡)𝑑𝑡
𝑡𝑒

𝑡𝑎

= 𝜔𝑅(𝑥) ∙
(1 − 𝑒−𝜆𝑅𝛿𝑡)

𝜆𝑅
∑ 𝑞𝑅,𝑖

𝑖=𝑡𝑒

𝑖=𝑡𝑎

(45) 

The deposition term is solved as follows: 

∫ 𝑆𝑅(𝑡)𝑑𝑡
𝑡𝑒

𝑡𝑎

= 𝐷𝑉𝑅 ∙ 𝛿𝑡 ∑ ∫ 𝑞𝑅,𝑖𝑒
−𝜆𝑅𝑡𝑑𝑡

𝑡𝑒

𝑡𝑎𝑖

𝑖=𝑡𝑒

𝑖=𝑡𝑎

(46) 

The resolution of the integral in equation (46) is straightforward: 

∫ 𝑞𝑅,𝑖𝑒
−𝜆𝑅𝑡𝑑𝑡

𝑡𝑒

𝑡𝑎𝑖

=
𝐷𝑉𝑅 ∙ 𝑞𝑅,𝑖
𝜆𝑅

(𝑒−𝜆𝑅𝑡𝑎𝑖 − 𝑒−𝜆𝑅𝑡𝑒) (47) 

Replacing the expressions for each radioactive concentration term, i.e. equations (45) and (47), equation (39) 

becomes: 

𝐷𝑡ℎ(𝐸𝑃𝑍) = 𝑚𝑎𝑥
𝐴𝐶

∑∙ [
1

𝜆𝑅
∑(𝑞𝑅,𝑖 ∙ 𝜔𝑅(𝑥)(

𝜒
𝑄⁄ (𝑥, 0, 𝑧)|

𝐴𝐶
∙ 𝐷𝐶𝐹𝑅,1 ∙ (1 − 𝑒

−𝜆𝑅𝛿𝑡) +
𝜒
𝑄⁄ (𝑥, 0,1)|

𝐴𝐶
∙ 𝐷𝐶𝐹𝑅,2 ∙ 𝐷𝑉𝑅 ∙ 𝛿𝑡(𝑒

−𝜆𝑅𝑡𝑎𝑖 − 𝑒−𝜆𝑅𝑡𝑒)))

𝑖=𝑡𝑒

𝑖=𝑡𝑎

]

𝑅

(48) 

Where 𝐷𝐶𝐹𝑅,1 is the dose conversion factor for inhalation and cloudshine –see equation (26)– and 𝐷𝐶𝐹𝑅,2 is 

the dose conversion factor for groundshine external exposure in (Sv/s)/(Bq/m2). 

Without deposition, 𝜔𝑅(𝑥) = 1, 𝐷𝑉𝑅 = 0 and equation (48) becomes: 
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𝐷𝑡ℎ(𝐸𝑃𝑍) = 𝑚𝑎𝑥
𝐴𝐶

𝜒
𝑄⁄ (𝑥, 0, 𝑧)|

𝐴𝐶
∙∑𝐷𝐶𝐹𝑅,1 ∙

(1 − 𝑒−𝜆𝑅𝛿𝑡)

𝜆𝑅
∑𝑞𝑅,𝑖 ∙

𝑖=𝑡𝑒

𝑖=𝑡𝑎𝑅

𝛿𝑡

𝛿𝑡
= 𝑚𝑎𝑥

𝐴𝐶

𝜒
𝑄⁄ (𝑥, 0, 𝑧)|

𝐴𝐶
∙∑𝐷𝐶𝐹𝑅,1 ∙ 𝑄𝑅,𝑎𝑐𝑐
𝑅

(1 − 𝑒−𝜆𝑅𝛿𝑡)
𝜆𝑅
⁄

𝛿𝑡
(49) 

9.2. Risk-Informed Direct Method for Determining the EPZ Distance 

Rather than taking the representative, bounding severe accident scenarios and calculate the EPZ distance to 

meet with a specific dose threshold, an alternative risk-inform method looks at limiting the frequency of 

accidents exceeding a specific dose threshold. The resulting distance is such that very low frequent accidents 

with very high dose consequences will contribute to the EPZ distance but not in a dominant way, as it was 

the case for the deterministic method. Just like the risk-information safety compliance criterion, this method 

requires Level 2 PRA without which it is not possible to apply. 

9.3. Inverse Method for Determining the EPZ Distance 

An inverse approach based on first calculating the total dose at each EPZ boundary for existing and new sites 

according to its source strength at radionuclide level. For each atmospheric stability class, the EPZ distance 

is calculated along the impacted area and the maximum value is taken for each EPZ: 

∑(𝐷𝐶𝐹𝑅 ∙ 𝐷𝑅,𝑟𝑒𝑓(𝐸𝑃𝑍𝑟𝑒𝑓 , 𝑦 = 0, 𝑧)) =

𝑅

∑(𝐷𝐶𝐹𝑅 ∙ 𝐷𝑅,𝑆𝑀𝑅(𝑥, 𝑦 = 0, 𝑧))

𝑅

→ 𝑥 ∀𝐴𝐶 = 𝐴,…𝐹 (50) 

As it has been already pointed out, doses are calculated by applying general atmosphere conditions along 

the entire atmospheric spectrum influencing the radioactive material dispersion rather than by accounting 

for site-specific atmosphere conditions (with the sole exception of the wind velocity). This approach aims at 

simplifying the offsite dose calculation, making it as transparent and traceable as possible, and at ensuring 

that the worst-case conditions for the atmospheric impact on dose are being taken into account. 

The first approach takes the actual distances meeting with dose thresholds associated with countermeasures, 

whereas the second one derives from a consistent extrapolation of the current EPZ distances valid for existing 

plants. The application exercise will compare the values obtained by these two approaches. 

It is noted that, since the determination of distances here deals with EPZ preparedness and not response, 

EPZ zones shall not distinguish among wind rose sectors and hence apply a 360-degree approach. 

10. Application Exercise 

Some general assumptions for the application exercise follow: 

- The selected reference plant EPZ boundary is 5 km. This distance is broadly applied worldwide 

connected to countermeasures. However, this is a conventional distance applied through generic 

approach, hence it does not derive from plant-specific calculations. Therefore, the reference plant 

does not necessarily meet a certain dose threshold at EPZ distance based on plant-specific data 

calculations (e.g. representative accident and source term, site-specific information, etc.); 

- Resolution of eq. (8) requires specification of the radionuclide concentration dispersion coefficients. 

Several analytical expressions are available in the literature leading to some scattering in the results, 

as analysed in [30], giving an idea of the uncertainty embedded in the diffusion- / advection-driven 

Gaussian model. Due to the limitation scope of the current application exercise, no in-depth 

comparison through sensitivity studies of the different coefficient expressions or analysis of the most 
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suitable coefficients will be here included. The selected analytical expressions for the dispersion 

coefficients have been taken as the ones used by U.S. Environmental Protection Agency [29]; 

- The irradiation permanence time of a particular cloud of the plume in equation (42), i.e. 𝛿𝑡, is taken 

as 100 seconds, coincident with the source strength reading time step; 

- The dose threshold is taken from [31] for evacuation and specified as 250 mSv in 1 week; 

- No information on the accident frequency for the downsized plant is available, hence the 

probabilistic safety compliance criterion set forth in Section 8 cannot be put into practice, and either 

the risk-informed direct method presented in Section 9.2 for the determination of the EPZ distance. 

10.1. Downscaled Plant and Representative Scenario 

The selected SMR is a 30-MWth (assumed equivalent to 10 MWe ca.) generic integrated PWR referred to as 

iPWR taken from [32]. The assumed number of units hosted onsite is 8. 

According to [32], this is an integrated PWR, natural-circulation driven, light-water reactor, characterised by 

the Steam Generators placed within the Reactor Pressure Vessel, and the Reactor Pressure Vessel inside a 

steel Containment Vessel immersed in a large water pool. 

The representative scenario is an earthquake beyond design basis leading to the “simultaneous failure of the 

primary heat transport system, the ineffectiveness of the emergency passive decay heat removal systems, 

and the loss of water in the reactor pool outside the Containment Vessel (the ultimate heat sink)” [32]. It is 

assumed that the selected scenario follows a worst-case approach at reactor level. 

This scenario results in the drainage of the surrounding water pool, equivalent to an extreme total Loss of 

Ultimate Heat Sink (LUHS) scenario, together with all the active and passive heat removal safety systems 

disabled. Due to the loss of heat sink, the fuel melts and the RPV breaks, leading to the containment 

pressurization and continuous venting to the outside environment from around 10000 seconds since the 

initiating event. 

Due to the nature of the event, it is assumed that all units undergo the same accident evolution, hence 8 

release sources (one per unit) located at 5 m each from the ground are considered in the application exercise. 

10.2. Reference Plant and Representative Scenario 

The reference plant is a 3rd Generation 1000 MWe, three-loop dry-containment PWR, which meets the latest 

requirements on safety, among which on the practical elimination of severe-accident phenomena leading to 

large and / or early radioactive releases resulting in unlimited offsite consequences in time and space or in 

consequences before countermeasures can be deployed. Such phenomena are, among others, Direct 

Containment Heating, catastrophic containment failure, full erosion of the reactor cavity through Molten 

Corium Concrete Interaction (MCCI), or energetic hydrogen explosion in the containment. 

In absence of comprehensive information of the full list of DEC-B accidents and Level 2 PRA, the selected 

scenario for the current application exercise will take to the extent possible a similar postulated initiating 

event than the one taken for the downsized plant. Since the site for both plants is the same, this is a plausible 

approach for the application of the offsite hazard scaling deterministic criterion. 

The transient scenario has been simulated with the MAAP 5.0.5 code. 

A beyond-design-basis seismic event leads to the loss of all active and passive safety systems, just like for the 

iPWR. Also like the iPWR, the containment keeps its integrity during the earthquake event and the 

pressurization due to the loss of cooling systems leads to the filtered containment venting cycling since this 
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system is believed to resist the acceleration spectrum of the seismic event. The seismic event leads to a 

simultaneous total and prolonged LUHS and SBO. This scenario belongs to one of the enveloping, more severe 

accident scenarios since all portable equipment, recovery actions and passive safety means are 

conservatively assumed to fail. The only credited safety provision is the Filtered Containment Venting System 

(FCVS), which substantially helps mitigating the offsite radioactive releases. Therefore, this accident scenario 

does not have to be interpreted beyond the mere purpose of performing the application exercise, in the 

absence of more realistic information based on a thorough analysis of a reference plant and downsized plant, 

whose accident evolution and results have been taken here directly from the literature. 

No human actions to mitigate the accident are credited to mimic the accident evolution in the downsized 

plant, which means that portable equipment are neither available. 

As a consequence of the LUHS and SBO, the primary system pressurizes and the primary inventory is relieved 

to the containment atmosphere, which undergoes its first sharp pressurization rise. 

In addition, due to the sustained high temperatures in the containment, a 2-inch containment organic seal 

fails, leading to an uncontrolled, unfiltered released to the outside environment at around 55000 seconds. 

  

Figure 4. Reference Accident Containment Pressure and Water Inventory Evolution 

Due to the circulation of superheated gases throughout the primary loops, a hot leg creep rupture takes 

place, which causes the primary system to quickly depressurize, allowing the accumulators to passively 

discharge their inventory into the primary system. The large inventory of the accumulators into the damaged 

core aggravates the accident evolution through an additional heating-up due to the released chemical energy 

from hydrogen production via cladding oxidation, leading to the second pressurization rise in the 

containment. 
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After the first containment response resulting in a temporary heat absorption by the passive heat sinks in 

the containment, the pressure keeps rising until reaching the FCVS first opening setpoint at around 12 hours, 

followed by its closure and subsequent pressure rise, as shown in Figure 4. It is noted that the first FCVS cycle 

is set up at lower opening and closing values compared to the following venting cycles. The containment 

pressure keeps rising until the full water inventory is evaporated at almost two days since the beginning of 

the accident. From this time on, containment pressurization is driven by the balance between non-

condensable off-gas generation through MCCI and superheating of the containment gas inventory, on one 

hand, and the releases through the penetration failure to the outside environment, onto the other. 

The power scaling factor and scaled distance are: 

𝑆𝑃 =
1000

8 ∙ 10
= 12.5 

�̃� = 5000 3.5355⁄ ≈ 1414 m 

There is one release point located 25 m from the ground. The difference in height compared to the downsized 

units is due to, in first place, an assumed bigger containment in the reference plant, and in the second place, 

due to the fact that many SMRs are planned to be entirely underground or featuring a quite limited maximum 

elevation. 

10.3. Source Strength 

The SMR radioactive releases have been taken from Table 12 in [32]. Plume depletion is neglected and 

assumed as safety margin, in order to compensate for the existing uncertainties dealing with atmospheric 

dispersion. 

In order to calculate the impact scaling criterion, inequality (25) as a function of the released activities will 

be used, instead of inequality (30), function of the released fractions. It is noted that, since the number of 

sources is equal to the number of units onsite, i.e. 8, the downsized source term shown in [32] must be 

multiplied by 8. 

Regarding the list of radionuclides, both the lists of released radionuclides shown in Table 12 in [32] and the 

65 radionuclides tracked by the MAAP code are not exhaustive. For illustrative sake of the application 

exercise, it will be assumed that Cs-138 is the only radionuclide being released in the downsized plant while 

not in the reference plant. On the contrary, it will be assumed that Np-239 is released only in the reference 

plant. 

Table 4 shows the reference source term. 

Table 4. Reference Source Term 

Radionuclide Qref [Bq] Radionuclide Qref [Bq] Radionuclide Qref [Bq] 

Ba-139 1.02E+12 La-141 8.64E+12 Sr-92 2.06E+12 

Ba-140 1.66E+15 La-142 9.08E+10 Tc-99m 1.43E+16 

Ce-141 1.26E+15 Mo-99 1.12E+15 Te-127m 1.35E+15 

Ce-143 4.23E+14 Nb-95 1.61E+15 Te-129 1.48E+17 

Ce-144 1.26E+15 Nd-147 3.02E+14 Te-129m 8.15E+15 

Cs-134 1.39E+16 Np-239 7.62E+15 Te-131m 1.73E+15 

Cs-136 2.79E+15 Pr-143 7.83E+14 Te-132 4.14E+16 

Cs-137 1.09E+16 Rb-86 1.31E+14 Te-134 2.23E+12 
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I-131 8.48E+16 Rb-88 3.83E+14 Xe-131m 1.40E+16 

I-132 1.49E+18 Rb-89 9.04E+08 Xe-133 2.77E+18 

I-133 4.87E+16 Rh-105 1.09E+15 Xe-133m 1.72E+17 

I-134 1.53E+13 Ru-103 4.03E+14 Xe-135 8.15E+17 

I-135 6.06E+15 Ru-105 2.59E+12 Xe-135m 1.01E+18 

Kr-85 2.75E+16 Ru-106 1.53E+14 Xe-138 1.07E+10 

Kr-85m 2.07E+16 Sb-127 4.74E+15 Y-90 1.32E+14 

Kr-87 2.31E+14 Sb-129 8.22E+13 Y-91 9.11E+14 

Kr-88 1.35E+16 Sr-89 7.65E+14 Y-92 1.64E+13 

La-140 1.99E+15 Sr-90 7.56E+13 Y-93 9.43E+13 

  Sr-91 5.28E+13 Zr-95 1.29E+15     
Zr-97 2.05E+14 

 

10.4. Determination of the Maximum Source Strength Scaling Factor 
(KSS,max) 

Application of equation (25) requires first knowing the maximum X/Q values for all atmospheric classes for 

both plants, shown in Table 5. As it can be seen, Class D and C are dominant for the reference and downsized 

plant respectively. 

Table 5. X/Q at reference and scaled EPZ distance 

Atmospheric 
Class 

𝝌/𝑸 Reference 
Plant [s/m3] 
𝒙 = 𝟓𝟎𝟎𝟎 𝒎 

𝝌/𝑸 SMR 
Plant [s/m3] 
�̃� = 𝟏𝟒𝟏𝟒 𝒎 

A 3.18e-08 5.04e-07 

B 3.26e-07 3.35e-06 

C 9.99e-07 5.41e-06 

D 2.54e-06 1.72e-06 

E 4.23e-08 3.77e-16 

F 9.38e-10 2.05e-22 

Next, the source strength factor for the SMR computed through equation (9) is calculated and checked that 

it is not higher than one, which means that there are no X/Q values higher than the value reached at the 

scaled distance for any points further from the release location for all atmospheric classes. This is visible in 

the X/Q vs downwind distance for the SMR plant, Figure 5. 
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Figure 5. X/Q evolution with downwind distance 

Solving equation (24), Kss,max yields 2.5. This means that the source strength should be reduced  down to 

40% the reference value in order to meet with the scaled distance without accounting for the weight of each 

radionuclide on the TEDE. This reduction is already favourable in terms of the power scaling factor, which 

would yield a reduction down to 8% the reference value. This reduction is also less stringent than the one 

based on the power scaling factor at the scale distance, equal to 
1

√𝑆𝑃
= 28%, in order to meet with the 

deterministic criterion on the offsite nuclear hazard. These values therefore clearly show the non-linear 

relation between a reduction in source strength derived from a reduction in power. It is also worth 

mentioning that equation (32) is largely met, which means that a mere reduction on site power, i.e. for a 

similar plant design, would lead to lower EPZ areas. 

Figure 6 shows the Kss values along the vertical axis in the plume centre plane at the scaled distance. Figure 

7 shows its cumulative probability function, which indicates that Kss,max is not a spurious value along the 

plane but rather close to the expected one. 
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Figure 6. Kss,max values in the vertical axis at EPZ scaled distance 

 

Figure 7. Kss,max Cumulative Probability 

10.5. Determination of the Scaled Impact Factor 

10.5.1. Normalized Dose Conversion Factors 

In order to apply equation (25), the dose conversion factors for each of the calculated radionuclides must be 

first normalized. 𝑓𝑖𝑛ℎ and 𝑓∞ factors are taken from [33] and [34], and the breathing rate as recommended 

equal to 3.5e-4 m3/s [18]. The normalized conversion factors are arranged in order and shown in Figure 8 in 

logarithmic scale, from which it can be checked that no radionuclide alone contributes significantly far 

beyond the others. In orange colour, Cs-138, which is the radionuclide only being released by the SMR whose 

content has been relocated and added up to Sb-129, which is the radionuclide present in the reference plant 
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featuring the closest normalized factor to Cs-138’s. The contribution to irradiation from ground deposition 

has not been taken into account in the conversion factors for simplification’s sake. 

 

Figure 8. Normalized Dose Conversion Factors 

10.5.2. Actual Source Strength and Scaled Impact Factor 

Figure 9 shows the ratio between the maximum source strength and the actual ones at radionuclide level in 

alphabetic order. 
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Figure 9. KSS,max/KSS at radionuclide level (ratios higher than one in red colour) 

However, when accounting for the relative weight of each of the radionuclides and the actual source strength 

ratios compared to the maximum accepted ratio by solving equation (25), the scaled impact factor amounts 

1.46. Since Ĩ = 1.46 > 1, the aggregated EPZ covered by all the downsized plants EPZ is higher than the area 

covered by the centralized, reference plant supplying the same amount of power. 

Figure 10 shows the influence that each radionuclide has on the scaled impact criterion, i.e. whether this 

factor is strongly biased and dependent on a short list of radionuclides or if it presents a rather uniform 

dependency with many released radionuclides. 
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Figure 10. Contribution to the Impact Scaled Factor at radionuclide level 

As it can be drawn from Figure 10, the scaled impact criterion relies on a significant list of radionuclides whose 

contribution exceeds the average one of 1.72% (58 radionuclides in total) collected in Table 6. In particular, 

13 radionuclides exceeds this averaged-weighted contribution. The highest contributor is I-134, whose half-

time life is 52.5 minutes, featuring 30.49%. If this radionuclide is not taken into account, the scaled impact 

factor becomes 1.01 ≈ 1, meaning that both plants present a very similar offsite nuclear hazard from a 

deterministic perspective. 

Table 6. Radionuclides with the highest contribution to the Scaled Impact Factor 

Released Radionuclide Contribution to the Scaled Impact Factor 

Ru-105 2.13% 

Cs-136 2.26% 

Te-131m 2.39% 

I-133 3.31% 

Te-134 5.07% 

I-135 5.51% 

Ru-106 5.58% 

I-131 5.82% 

Cs-137 6.21% 

Sr-92 6.68% 

La-142 6.82% 

Cs-134 7.72% 

I-134 30.49% 
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It is also worth underlining, as it has already been mentioned, that the current exercise has not taken into 

account other radionuclides tracked by the MAAP code –e.g. radioisotopes of plutonium– which could have 

had an influence on the scaled impact criterion. 

10.6. Determination of the SMR EPZ Distance 

The irradiation pathways are limited to inhalation and plume exposure (including ground reflection), hence 

ingestion and ground deposition are not taken into account in the current exercise. Plume depletion is neither 

considered. 

10.6.1. Deterministic Direct Method 

Since deposition is not taken into account, equation (49) applies14. This equation is solved numerically 

through a software tool specifically developed for this purpose called JRC-DOSE, where the following values 

have been implemented: 

Table 7. Boundary conditions for atmospheric dispersion calculation 

VARIABLE VALUE 

Number of source points 2 [-] 

Axial distance between the source points 10 m 

Wind velocity 2 m/s 

Release height 5 m 

Distance between sources 5 m 

Source term velocity at the release 15 m/s 

Source term temperature at the release 473 K 

Release break diameter 0.1 m 

The sigma expressions are those used in [29]. The velocity profile and plume raise have already been 

described under Section 7.2. 

Figure 11 shows the dose threshold as TEDE (in Sv) with the downwind distance at the plume centreline. 

 
14 The results accounting for deposition and hence plume depletion are very similar yet yielding slightly lower EPZ 
distances. 
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Figure 11. Accumulated 7-day TEDE for the SMR plant 

The downwind distance such that further from that point with respect to the release point the dose threshold 

of 250 mSv at 7 days is not exceeded is 9.9 km. 

Figure 12 shows the cumulative dose on the ground along the area bounded ±500 m horizontally and 10 km 

downwards from the radioactive release source, whereas Figure 12 shows the cumulative dose considering 

also along the vertical coordinate, showing that the highest doses take place close to the ground. 
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 Figure 12. 

Cumulative 7-day TEDE at ground elevation downwind from the source for the SMR plant 

 

Figure 13. Cumulative 7-day TEDE in the control volume downwind the source for the SMR plant 

The same threshold is reached at 1.8 km when placing the release at the ground and using the original, one 

single source term (hence 1/8th the one implemented in the application exercise), very similar to the one 

shown in [32], equal to 2.2 km calculated with the ADDAM code, see Figure 14. 
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Figure 14. Accumulated 7-day TEDE for the SMR plant imposing equal conditions than in [17] 

The goodness of this comparison provides confidence on the JRC-DOSE models included in the current work 

for the dose calculation. 

10.6.2. Inverse Method 

The reference plant dose evolution with the downwind distance at the plume centreline is calculated with 

JRC-DOSE and shown in Figure 15. 
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Figure 15. Accumulated 7-day Total Effective Dose Equivalent for the reference plant 

The cumulative dose at the selected reference EPZ distance equal to 5000 meters amounts 1.5 Sv ca. The 

application of the inverse method consists of extrapolating the reference EPZ distance to the downsized plant 

based on reaching a similar cumulative dose threshold value. 

Application of equation (50) leads instead to an EPZ distance of 1600 meters, which represents a 68% 

reduction in distance against the reference plant, very similar to the scaled distance reduction of 72% but 

still lower than that threshold and six times lower than the EPZ distance computed through the direct 

method. 

The reference plant achieves 0.25 Sv at 24.8 km from the source point, whereas at 9.9 km for the SMR. By 

considering the power-scaling factor, these values turn out to comprise an aggregated EPZ area of 1916 km2 

larger compared to the reference plant, almost twice its size (3848 km2 against 1932 km2). 

11. Conclusions 

Determination of EPZ depends on technical and non-technical factors. Among the latter, sensitive 

infrastructure, e.g. hospitals and schools, logistics and landforms play a significant role. Among the former, 

reactor design and safety features leading to accidental releases strongly influence the calculation of the EPZ 

distance, which is in turn key in the determination of the EPZ. 

Aside from the underlying factors influencing the EPZ, international approaches as well as national regulatory 

frameworks present sound differences when comparing one another, e.g. in terms of acceptance criteria, 

selection of accident sequences, and even the definition of EPZ itself. 

The current report aims at providing a structured review of national and international approaches to EPZ 

based on identifying and analysing the informing criteria. It also aims at suggesting a plant-specific 

methodological approach built on IAEA-sponsored Working Group on SMR EPZs. 

This report includes two methods for the determination of the EPZ distances. It also tackles the potential 

concern brought by SMRs on site proliferation. 

SMRs naturally feature lower radioactive releases due to their smaller power. In addition, innovative safety 

features may also contribute to reducing the magnitude of the source strength, thereby leading to smaller 

EPZs. However, due to the difference in power generation, a straightforward comparison of radioactive 

releases between plants of different size is not feasible. 

The current report provides scaling-based criteria in order to facilitate comparison between plants of 

different size, with the aim of ensuring that the offsite nuclear hazard, both in terms of bounding radioactive 

releases and overall risk, is not compromised by SMR deployment. 

Two technology-neutral, safety-related criteria are developed with this aim, together with a plant-specific 

methodology application for the determination of the EPZ distance applied to SMRs. Aside from a dose-

consequence direct method, a second, inverse method to get the EPZ distances derived from the EPZ distance 

applied to the large, reference NPP is included in this work and implemented in a dose-consequence software 

tool called JRC-DOSE, put in practice through an application exercise for an integral PWR SMR. 

The application exercise assumes an SMR representative source term affecting the entire set of units hosted 

onsite due to a beyond-design-basis seismic event common-cause failure. Similar conditions to the extent 

possible (respecting the design and safety features of the different plants) are applied to the reference plant. 
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According to the results, in this case the SMR would lead to higher overall offsite consequences on the 

environment and population in terms of cumulative TEDE after 7 days of exposure when the scaling approach 

is applied through the deterministic criterion on the offsite nuclear hazard. . These results could be 

interpreted as a lower safety level (regarding to EPZ size) featured by this set of SMRs compared to the large, 

reference plant when scaled in power generation, but is an illustrating case and the results depends on the 

hypothesis retained for the calculation. 

12. Proposal of activities to be performed in WP5 

The methodology proposed under the current report on the determination of the EPZ distances can be 

extended to a full-scope determination of the EPZ. This means using the main following inputs: 

• Characterization of source term offsite releases for the list of representative and bounding severe 

accidents identified in task 5.3. Such characterization must be presented at radionuclide level from 

the occurrence of the postulated initiating event until the end of the releases. If not possible at 

radionuclide level, at least at FP group level –as fraction of the initial inventory 

• Accident frequencies for the list of representative and bounding severe accidents identified in task 

5.3. If this information is not available, the deterministic EPZ methodology will be applied but not the 

risk-informed direct method. 

• Site landforms and characterization: sensitive buildings, logistics, population density, etc. 

• Site meteorological information: wind velocities, atmospheric classes, vicinities of buildings, etc. 

• Dose thresholds for different countermeasures –hence an action-driven approach will be used. 

The main outputs will be the followings: 

• EPZ distances at countermeasure level, if possible by comparing deterministic vs risk-informed 

methods for the determination of the distances. 

• Suitability of automatically-driven versus assessment-driven EPZ. 

• Sensitivity analysis on main sources of uncertainty as described in the current report. 

In addition, application of scaling-based criteria as described in the current report might also be an additional 

output, as done in the current report under the application exercise, this time using actual data from the F-

SMR. If accident frequencies are available, not only the deterministic but also the risk-informed compliance 

criterion would be put in place, by taking an extra input source of information dealing with the reference 

plant Level 2 PRA. 

This whole exercise fits under task 5.1b, milestone M5.2, deliverable D5.1. 
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Annex 1 

Assessment-Driven Compliance Criteria 

This section addresses the critical aspect of automatically-triggered-action-based EPZ due to the pivotal role 

it plays on emergency response. Strictly speaking, EPZ falls under Emergency Preparedness and hence not 

under Emergency Response, so that protective actions and whether they are triggered based on assessment 

or on automatic basis, do not actually fall below the determination of the EPZ distances. Nevertheless, 

because EPZ mainly aims at preparing the necessary arrangements to protect the public and the 

environment, there is a clear connection between these areas and an agreed approach of deploying 

associated protective actions on the different pre-established areas. 

Dose assessment and prognosis constitutes the basis of many emergency centres in providing 

recommendations that will eventually decide the extent of protective actions deployment. The first and 

utmost effort right after an accident happens with the potential of significant radioactive material releases 

addresses those people located at a sensible distance close enough to very quickly reach dose thresholds. 

These sensible distances potentially requiring prompt countermeasures to prevent severe radioactive 

hazards represent the key target for performing an accurate assessment of dose consequences. Due to the 

time constraints and potential high levels of dose rates, it would be advisable if recommendations on 

protecting people were given before the start of the release rather than waiting until performing dose 

measurements in the field. 

An assessment-driven emergency response framework, whereby protective actions are only deployed after 

conducting assessment and prognosis of the ongoing accident, even if recommended in accordance with the 

justification criterion, relies on two conditions: 

1) The assessment is reliable enough: the uncertainty embedded in all computational processes involved in 

a dose and dispersion calculation is quantified or, as a minimum, dose results are subject to be trapped into 

uncertainty bands. 

2) A set of time-dependent conditions is met between the assessment, deployment of protective actions and 

reaching reference levels. 

Timeline layout and related basic concepts 

Figure 2.A shows a generic timeline after an accident has occurred and a general emergency has been 

declared. This timeline includes basic terminology helpful to develop a traceable and graded EPZ 

methodology: 

tIE := Initiating Event time 

tGE := General Emergency declaration 

ta,b := Dose assessment calculation start time 

tPA,b := Beginning of implementation of all protective actions 

tr,b := Beginning of radioactive releases 

ta,f := Dose assessment calculation end time 

tr,f := End of radioactive releases 

Δt(PAi) := Elapsed time needed to implement protective action i 
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ΔT(RLi) := Elapsed time for reaching Reference Level associated with protective action i. This time period takes 

into account the travelling time from release to exposure point after the start of the release 

Additional terminology is derived next: 

𝐴𝐷(𝑥)𝑅𝐿𝑖 = 𝐷𝑅(𝑥) ∗ 𝑡𝑟𝑒𝑓𝑅𝐿𝑖
 

Where 𝐴𝐷(𝑥)𝐺𝐶𝑖  stands for Accident Dose associated to DR(x) dose rate at distance x, and 𝑡𝑟𝑒𝑓𝑅𝐿𝑖
 the time 

window related to Reference Level i at distance x from the release source point. 

𝛿𝑡𝑎 = 𝑡𝑎,𝑓 − 𝑡𝑎,𝑏 

𝛿𝑡𝑟 = 𝑡𝑟,𝑓 − 𝑡𝑟,𝑏 

Where 𝛿𝑡𝑎 is the elapsed time for making dose assessment calculations and 𝛿𝑡𝑟  is the radioactive release 

time window. 

Condition for EPZ exception 

If the following condition given by equation X is met, the EPZ can be moved back until making it coincident 

with the site boundary: 

𝐴𝐷(𝑥)𝑅𝐿𝑖 < 𝑅𝐿𝑖 ∀𝑖 

Condition for assessment-driven EPZ 

In order to know whether protective action arrangements can be postponed until the dose assessment 

calculation is performed, three different situations can be distinguished upon the duration of the assessment. 

If (𝛿𝑡𝑎 + 𝑡𝑎,𝑏) < 𝑡𝑟,𝑏, then if: 

∆𝑡(𝑃𝐴𝑖) < (𝑡𝑟,𝑏 − 𝑡𝑎,𝑓) 

No further condition is needed to guarantee an assessment-driven EPZ. This situation is shown in Figure 2.A 

and applies for protective action 1. If this condition is met, there is no need for automatically-triggered 

countermeasures based on generic predetermined levels such as EALs or General Emergency declarations. 

If ∆𝑡(𝑃𝐴𝑖) ≥ (𝑡𝑟,𝑏 − 𝑡𝑎,𝑓) and / or 𝑡𝑟,𝑏 < (𝛿𝑡𝑎 + 𝑡𝑎,𝑏) < (𝛿𝑡𝑟 + 𝑡𝑟,𝑏), then: 

∆𝑇(𝑅𝐿𝑖) − ∆𝑡(𝑃𝐴𝑖) − 𝛿𝑡𝑟 > 0 

This situation is shown in Figure 2.A (first condition) and Figure 2.B (second condition) and applies for 

protective actions 2 and 3. 

If (𝛿𝑡𝑎 + 𝑡𝑎,𝑏) > (𝛿𝑡𝑟 + 𝑡𝑟,𝑏), then: 

∆𝑇(𝑅𝐿𝑖) − ∆𝑡(𝑃𝐴𝑖) − 𝑡𝑎,𝑓 > 0 

This situation is shown in Figure 2.C and applies for all three protective actions. 

This justification criterion requires that "the government and the regulatory body or other relevant authority 

shall ensure that the protection strategy for the management of existing exposure situations is commensurate 

with the radiation risks associated with the existing exposure situation; and that remedial actions or 

protective actions are expected to yield sufficient benefits to outweigh the detriments associated with taking 

them, including detriments in the form of radiation risks" [13]. Given the frequency and hazard distribution 

of some of the SMR technologies, featuring radiological releases far from reference levels for most of the 

accidents spectrum, to implement protective actions below but also beyond what needed should be 
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prevented to a reasonable extent15. Therefore, the path leading to a tailored emergency response involves 

supporting the recommendations on actual accident assessments rather than deploying actions solely based 

on boundary, worst-case sequences, provided the two-abovementioned criteria are met. 

Application of the assessment-driven compliance conditions 

The fundamental time-dependent numerical conditions set forth above should be applied on a distance basis, 

i.e. the calculations are performed for different distances from the site boundary. 

Rather than applying these conditions to the entire list of protective actions and concluding an overall 

suitability, a second degree of freedom is applied at a protective-action basis, namely to design the EPZ not 

as true or false logic but whether to apply it or not to each protective action. This way, countermeasures can 

be taken in one direction without delay –such as iodine tablets– and at the same time holding in stand-by 

another action until the assessment is performed, e.g. evacuation 

 

Figure 2A. Emergency response generic timeline A 

 

Figure 2B. Emergency response generic timeline B 

 
15 Such degree of reasonability relies on the accuracy in the dose consequence predictions, which is at the same time 
dependant on an accurate estimate of the different uncertainty sources embedded throughout the assessment process. 
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Figure 2C. Emergency response generic timeline C 
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Annex 2 

Brief Notes on Uncertainty Sources 

Dose estimate is the result of a model application of atmospheric dispersion (called α) applied to 

meteorological conditions (called β) of a resulting source term model calculation (called γ) depending on 

scenario identification (called δ) on a specific nuclear installation (called ε). Each of these terms has an 

associated uncertainty. 

𝐷𝐷𝐶 = 𝛼{𝛽(𝑆𝐷,𝑀𝐷), 𝛾[𝛿(𝑆𝐼), 휀(𝑀𝐼)]} 

 

𝛼{} ≡ 𝑑𝑜𝑠𝑒 𝑎𝑛𝑑 𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

𝛽() ≡ 𝑚𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

𝛾{} ≡ 𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 

𝛿[] ≡ 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 

휀() ≡ 𝑝𝑙𝑎𝑛𝑡 𝑚𝑜𝑑𝑒𝑙𝑙𝑖𝑛𝑔 

 

𝑆𝐷 ≡ 𝑆𝑖𝑡𝑒/𝐴𝑟𝑒𝑎 𝐷𝑎𝑡𝑎 

𝑀𝐷 ≡ 𝑀𝑒𝑡𝑒𝑜𝑟𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝐷𝑎𝑡𝑎 

𝑆𝐼 ≡ 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 𝐼𝑛𝑝𝑢𝑡 

𝑀𝐼 ≡ 𝑀𝑜𝑑𝑒𝑙 𝐼𝑛𝑝𝑢𝑡 

 

Every function is an operation whose results can be arranged as a distribution vector depending on a set of 

input variables each of which with a range and probability function that should be identified and quantified. 

The uncertainty associated to each of the models (in Greek letters) and input variables (in Latin letters) 

substantially differ one another. Some of the uncertainties cannot be currently quantified according to the 

corresponding state of the art, such as on the source term calculation, whereas knowledge on other sources 

and associated uncertainties is more mature, e.g. dispersion calculation. In addition, some of the uncertainty 

sources are embedded one another, i.e. they are outputs of a model and inputs for another one, which makes 

the whole model even more complex in terms of uncertainty propagation. 

Among the uncertainty sources, dose / dispersion calculation, source term calculation / scenario 

identification, and meteorological conditions, are the most relevant ones. 

The recommended approach to tackle with these sources of uncertainties goes fully in line with the standard 

way to deal with epistemic and random uncertainties. It mainly consists of applying safety margins by taking 

enveloping conditions for each of the uncertainty sources: 

- As for the dose / dispersion calculation, plume depletion is not considered; 

- As for the source term calculation / scenario identification, worst-case approach is applied; 

- As for the meteorological data, worst meteorological conditions are taken. 


