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ABSTRACT

Bangladesh is introducing nuclear power to meet rising energy demands and reduce reliance on
fossil fuels, with the Rooppur Nuclear Power Plant (NPP) commissioning two 1,200 MWe VVER-
1200 units in 2025 and 2026. While routine operations produce minimal radioactive releases, severe
accidents, particularly long-term Station Blackout (LTSBO) events, can have significant
radiological consequences, highlighting the need for robust emergency preparedness. Despite the
use of advanced safety systems of housed VVER-1200 reactor, the adequacy of existing emergency
planning zones (EPZ) and response measures at Rooppur NPP requires careful, site-specific
evaluation to align with post-Fukushima IAEA safety requirements. Literature reviews point out
research gaps, including limited analysis of beyond-design-basis accidents (BDBA), insufficient use
of high-resolution atmospheric dispersion models, inadequate consideration of meteorological
variability, lack of assessment of trans-boundary impacts, and the need for evidence-based EPZ
design.

This study introduces several methodological advancements in radiological dose assessment for the
Rooppur NPP. It extends previous work by analyzing BDBA, particularly LTSBO scenarios
initiated by external events, and by employing plant-specific source terms derived from MELCOR-
based SOARCA analyses. Radiological doses are evaluated across major exposure pathways while
accounting for seasonal, diurnal, spatial variability using long-term (thirty-year), three-dimensional
meteorological data and high-resolution atmospheric dispersion modeling. The study further applies
post-Fukushima IAEA dosimetric criteria to reassess EPZs, evaluates the effectiveness of sheltering
measures, and incorporates uncertainty analysis to ensure conservative and robust dose estimates. It
uses modern accident consequence tools like Radiological Assessment System for Consequence
Analysis (RASCAL 4.3), HotSpot 3.1.2, and Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) codes both in partial core melt (PCM) and complete core melt (CCM) under
IAEA INES level 6 and 7 events. This also investigated the six LTSBO cases, both with and
without passive safety systems like the Emergency Core Cooling System (ECCS), different leak
rates and water uncovering times. Gaussian plume and puff models were used to simulate transport
and dispersion of radioactive material for Monte Carlo randomly sampled yearly 360 possible
weather scenarios considering the Rooppur region’s (Ishurdi) meteorological data.

Results indicate that inhalation of I-131 dominates exposure near the plant immediately after
release, while groundshine from deposited radionuclides, primarily Cs-137, becomes the main
source over time. Meteorological conditions strongly affect dispersion: unstable conditions promote
rapid dilution and shorter hazard distances, whereas stable conditions allow plumes to travel farther.
Wet weather enhances deposition and groundshine, while dry conditions increase inhalation
exposure. Deposition patterns peak close to the release point and are significantly higher during wet
weather, with short-lived iodine and tellurium isotopes dominating early ground contamination.
HotSpot predicts higher doses near the source but decreases faster with distance compared to
RASCAL. In PCM scenarios, TEDE reached ~1,000 mSv, while CCM scenarios peaked at 11,000
mSv at 0.5 km, decreasing with smaller leaks or delayed containment failure. Simulations show that
in the LTSBO event, sheltering-in-place or evacuation should be taken within 2 to 49 km of the
Rooppur NPP reactor site based on criteria of TEDE 10 mSv for level 7, and within 0.7 to 14 km
according to criteria of 100 mSv. Prophylactic measures to prevent radioiodine uptake by the
thyroid may be necessary within a 3 to over 80 km radius for a threshold thyroid Committed Dose
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Equivalent (CDE) of 50 mSv, depending on weather and accident conditions. The sensitivity results
indicate that predicted air concentrations and ground deposition can increase by approximately four
to six times when using a finer concentration grid of 0.010° (=1 km % 1 km) compared to a coarser
grid of 0.050° (=5 km x 5 km), underscoring the strong dependence of results on spatial resolution.
Long-range plume dispersion analysis revealed potential trans-boundary impacts; during a dry
month of January, the plume moved south and then north, reaching the Bay of Bengal, Myanmar,
and beyond, with heavy fallout near Ishurdi. During a wet month of July, the fallout was confined to
a zone within 10-12 km, with ground deposition reaching above 1005 Bg/m2, primarily impacting
Northwestern Bangladesh and parts of Eastern India in the initial days.

For 95% of the simulated weather scenarios, the maximum distance exceeding Precautionary Action
Zone (PAZ) dose criteria was found to be approximately 3—4 km when sheltering in large buildings
is available, increasing to 8—9 km when only residential houses are considered. Similarly, Urgent
Protective Action Planning Zone (UPZ) criteria were exceeded at distances of about 20—25 km with
large-building sheltering and 3540 km with house-only sheltering. To balance public health
protection with the practicality of emergency response, a PAZ radius of 5 km and a UPZ radius of
25 km are recommended for the Rooppur site. The analysis shows that taking shelter in large
buildings can reduce radiation exposure much more effectively than staying in regular houses.
Therefore, building large emergency shelters in nearby communities, especially in densely
populated areas like Rooppur, Ishurdi, is recommended to improve public safety. Routine operation
doses remain well below regulatory limits (<0.3% of the annual dose limit). Overall, the findings
provide risk-informed guidance for emergency preparedness in Bangladesh, emphasizing sheltering,
evacuation, iodine prophylaxis, strengthened infrastructure, and cross-border, weather-aware
planning to ensure effective accident management and international safety compliance.
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CHAPTER 1.
INTRODUCTION
1.1 Background

Bangladesh is likely to incorporate nuclear power in its energy mix, in order to balance its
growing energy needs and cut back on use of fossil fuels. The Rooppur Nuclear Power Plant
(NPP), the country's first NPP, is scheduled to be commissioned with Unit 1 producing 1,200
MWe 1 in 2025 and Unit 2 producing an additional 1,200 MWe in 2026. The application of
nuclear technology does involve thorough safety analyses, especially the whole reactor life
cycle, starting from site selection, construction to operation and decommissioning (International
Atomic Energy Agency (IAEA), 2015a). One aspect of this evaluation involves estimation of the

radiological doses that may arise from hypothetical accidental releases of radioactive material.

The Rooppur site incorporates essential components and advanced safety systems implementing
safety features based on lessons learned from the past three major accidents—the Three Mile
Island (TMI), Chernobyl, and Fukushima—the VVER-1200 reactor ensures operational
dependability even under extreme conditions by combining active and passive safety systems
with multiple redundancies (two to four safety trains). These redundancies include containment
spray systems, emergency boron injection systems, high-pressure Emergency Core Cooling
System (ECCS), and hydrogen recombination units (Rooppur Nuclear Power Plant Construction

Project, n.d.).

Nuclear events are ranked from Level 1 (anomaly) to Level 7 (severe accident) using the
International Nuclear and Radiological Event Scale (INES) (IAEA, 2013a), which was created
by the IAEA and Organization for Economic Co-operation and Development (OECD), Nuclear
Energy Agency (NEA). When an event is rated Level 3 or higher, public concern usually
increases. The seriousness of three significant nuclear accidents are frequently emphasized: 1.
TMI in USA, 1979: A partial core meltdown and coolant loss resulted from an operator error
and a stuck relief valve. Although some radioactive gases were released, the environmental
impact was kept to a minimum by containment measures. INES assigned this accident a Level 5

rating. 2. Chernobyl in Ukraine, 1986: Unsafe testing practices and a defective RBMK reactor

(1]



Chapter 1 Introduction

design led to explosions and fires, which released a significant amount of radioactive material
without any containment. The highest severity level, Level 7, was assigned to this accident. 3.
Fukushima Daiichi in Japan, 2011: Core damage, hydrogen explosions, and extensive
radioactive contamination resulted from a powerful earthquake and tsunami that cut off the
reactors' cooling and power systems. The severity was upgraded from Level 5 to Level 7.
APPENDIX A provides detailed explanations of the main causes behind these significant
nuclear accidents and INES ratings procedure. These historical events emphasize the importance
of accurate modeling and risk assessment to predict, evaluate, and response in severe scenarios,

which is the basis of this study.

Emergency Planning Zones (EPZs) play a significant role in emergency preparedness. EPZs are
areas surrounding a nuclear plant where pre-established protective measures, i.e., evacuation or
sheltering, are taken in the event of an accident (IAEA, 2015a). The IAEA recommends two
primary zones for protective measures: 1. Precautionary Action Zone (PAZ): Actions are taken
before or soon after a radiation release to ensure safety. 2. Urgent Protective Action Planning
Zone (UPZ): This zone focuses on minimizing long-term radiation exposure (IAEA, 2007) as
shown in Figure 1.1. The IAEA recommendations have also been incorporated into Bangladesh
law and regulation, including the Bangladesh Atomic Energy Regulatory Act 2012 (Ministry of
Science and Technology (MOST), 2012) and the National Nuclear and Radiological Emergency
Preparedness and Response Plan (NNREPRP) (MOST, 2020).

Figure 1.1: Primary Emergency Planning Zones
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Both these emergency planning response and contamination/pollutant assessment rely on
forecasting methods, which are based on mathematical modeling of atmospheric dispersion.
They provide concentration field prediction and simulation of accident scenarios, combining
emergency response with public and environmental safety. Over the years, different radiological
dose assessment computer codes have been developed in an attempt to estimate plume paths,
atmospheric transport, radiation doses, short-term health risks, long-term consequences, and

effects of emergency countermeasures.

To assess potential radiation dispersion, two modeling approaches are commonly used: simple
Gaussian models and more complex numerical simulations. Gaussian plume models are
particularly effective in flat terrain and steady air conditions, typically for short distances—
usually within 5 to 10 kilometers from the release point. These models are most effective when
the emission source is small relative to the distance of interest and the local meteorology
predominantly influences the dispersion. For short-range evaluations, HotSpot (Homann &
Aluzzi, 2020) and Radiological Assessment System for Consequence Analysis (RASCAL)
(Ramsdell et al., 2012) employ Gaussian plume models. Several research studies have been
conducted using these two models in the assessment of different NPP’s in several countries,
which are presented in the next chapter. However, they have drawbacks when used in larger or
more topographically varied regions. Long-range atmospheric transport models, like the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al., 2015), are
better suited in these situations. These models provide more accurate predictions of radiological
dispersion by taking into account vertical wind shear, surface roughness, and variable wind

patterns.
1.2 Problem Statements

Although NPPs generally release minimal radioactivity during normal operations, severe
accidents can lead to uncontrolled releases, posing significant risks to public health and the
environment. Effective emergency protective measures—such as evacuation, sheltering, and
iodine prophylaxis—require thorough analysis of potential accident scenarios to ensure adequate

preparedness.
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Despite advancements in reactor safety, such as redundant and passive safety systems in VVER-
1000 reactors, Station Blackout (SBO) events remain a major contributor to core damage
frequency, accounting for approximately 26% of total risk (Jabbari et al., 2019). Long-term
SBOs, particularly those initiated by seismic events with 0.3—0.5 g Peak Ground Acceleration
(PGA), can lead to core damage frequencies in the range of 1x107° to 2x107° per reactor-year
(Chang et al.,, 2012). These highlight the critical need for effective safety measures,

comprehensive accident analysis, and robust preparedness strategies.

For the Rooppur NPP, existing EPZs (PAZ and UPZ) and preparedness measures outlined in
national guidelines of NNREPRP (MOST, 2020) requires closer evaluation to ensure alignment
with post-Fukushima TAEA safety standards (IAEA, 2013b). Without comprehensive, site-
specific radiological consequence analysis, Bangladesh’s emergency response framework may

remain insufficiently robust.
1.3 Research Gaps

The identified critical research gaps from the existing literature reviews discussed in chapter 2
are as follows:

(i) BDBA Analysis— No comprehensive study has assessed the radiological
consequences of a BDBA-LTSBO event at Rooppur NPP using validated atmospheric
dispersion models.

(i1) High-Resolution 3D Modeling— Absence of advanced tools like HYSPLIT for high-
resolution and long-range (>200 km) dispersion analysis under diverse weather conditions.

(ii1) Temporal and Meteorological Variability — Limited evaluation of how radionuclide
transport differs between daytime and nighttime or under varying atmospheric stability classes.

(iv) Long-Term and Trans-boundary Effects— Lack of research on cross-border
consequences of accidental releases.

(v) Evidence-Based Emergency Response Evaluation — Insufficient studies assessing the
adequacy of emergency measures in light of IAEA’s post-Fukushima safety standards.

(vi) PAZ and UPZ Design — Need for a technically justified approach to define EPZ sizes

based on robust consequence analysis rather than indicative estimates.
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1.4 Research Questions and Objectives

This study focuses on the following important research questions related to assessing the off-site

radiological risks and emergency preparedness for the Rooppur NPP.

(1) What are the anticipated concentrations of radioactive materials, radiological dose
distributions, airborne concentrations, and ground deposition in the vicinity of the Rooppur NPP
during a BDBA scenario, such as an LTSBO? How do these change based on different weather

conditions and the characteristics of the release?

(i) What are the possible long-range environmental and public health effects of an accidental
release from the Rooppur NPP? Which areas of Bangladesh and its neighbors might be affected

by various weather patterns and release scenarios?

(ii1)) What are the appropriate sizes of off-site EPZs—specifically the PAZ and the UPZ—around
the Rooppur NPP, as per post-Fukushima international guidelines? To what extent these zones

prevent deterministic and reduce stochastic health effect ones?

The main objectives of this study are

e To investigate the radiological consequences of BDBA severe nuclear accidents at the
Rooppur NPP by simulating public doses, analyzing radionuclide dispersion, and
evaluating the effectiveness of protective measures.

e To verify the modeling results and sensitivity analysis of the used codes with long range
accident impact assessment.

e To develop a methodology for determining EPZ sizes and to assess their potential impact
on public health.

e To evaluate the routine release using 3-dimensional Meteorological Data.
1.5 Novelty of the Thesis

The current study provides several novel and significant advancements over previous studies in
the estimation of radiological doses for the Rooppur NPP. The distinct characteristics and

methodological developments outlined below establish the study's unique contributions.
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(i) Broad Accident Scenario Coverage:
This study expands on BDBAs, particularly LTSBO events caused by external initiators.
Previous studies only looked at DBAs, therefore they did not sufficiently represent all of the
NPP's potential radiological hazards. The present study evaluates the scenarios considering with
and without passive safety ECCS along with failure of all active safety ECCS, where as the
previous study considered only the unavailability of active ECCS.

(ii) Updated Source Term Modeling
Unlike previous research that used generalized accident sequences from NUREG-1465 (Soffer
et al., 1995) or analytical methodologies like Sahadat et al. (Sahadat & Fairuz, 2020a), present
study uses source terms modeled using MELCOR (U.S. Nuclear Regulatory Commission
(NRC), 2001) as reported in the NUREG-1935 State-of-the-Art Reactor Consequence Analyses
(SOARCA) Report (Chang et al., 2012). This offers an assessment of radioactive emissions that
is more accurate and plant-specific.

(iii) Comprehensive Exposure Pathway Analysis
The source term and radionuclide's contribution to three exposure pathways i.e. inhalation,
cloudshine, and groundshine, and their time variation effects are investigated in this study,
whereas no such assessment was in the previous study.

(iv) Consideration of Seasonal and Diurnal/Nocturnal Variability
The study incorporates seasonal variations, such as differences between dry and wet seasons,
into the upper and lower bounds of atmospheric stability class. Furthermore, variations in
exposure conditions during the day and at night are taken into account, whereas it was not part
of the previous study.

(v) Use of Long-Term and 3-Dimensional Meteorological Data
Meteorological realism is enhanced by simulating 360 annual weather scenarios, based on 30
years of historical wind and rainfall data from the Ishurdi region in RASCAL. This approach
surpasses earlier studies that used fewer or less representative meteorological samples. The 3-
dimensional HYSPLIT dispersion model with compatible meteorological data of Global
Reanalysis Climate Diagnostics Center (CDC1) and the Global Data Assimilation System
(GDASI) were used for long-range atmospheric transport effects of radionuclide dispersion,
while all the prior studies used 2-D meteorological data.

(vi) Improved EPZ Dose Estimation Based on IAEA Criteria
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Dose assessments for EPZs in this study adhere to the IAEA's post-Fukushima dosimetric
thresholds, particularly focusing on red bone marrow and fetal thyroid doses (IAEA, 2013b).
Prior studies have not analyzed the EPZ sizes under conservative accident scenarios.

(vii) Protective Measures Assessment
The current study examines the effectiveness of two protective measures—sheltering in a
normal wooden house and in large buildings—under several accident scenarios. It is also
examined how long-term sheltering (four days) affects dose reduction, especially for red bone
marrow. Prior studies were not such specific assessments.

(viii) Uncertainty Analysis
This work, for the first time, applies an uncertainty analysis based on the 95" percentile of
meteorological situations to improve the robustness and conservatism of dose estimations during

the EPZ size estimation.
1.6  Significance of the Present Study

Although there have been some limitations, this study will provide essential baseline
information for the Rooppur NPP for assessing various accident scenarios under diverse site-
specific weather conditions. These findings could assist in estimating the potential impacts on
the public and nearby areas, ultimately improving emergency preparedness and preventive
measures. The public and relevant stakeholders will be informed about the potential impacts of a
hypothetical catastrophic nuclear accident, the effectiveness of the current emergency response
procedures, and the reliability of the safety features of the Rooppur NPP. The findings could be
used for the development of evacuation plans and preparedness measures, eventually decreasing

the detrimental consequences of such disasters on human health and the environment.
1.7  Thesis Layout

There are six chapters in the thesis. The issue of the current state of radiological dose assessment
and EPZ size of the Rooppur NPP is briefly introduced in the first chapter. An overview of the
previous research on the SBO event in VVER reactors and accident consequences of the
Rooppur VVER-1200 reactors is provided in the second chapter. EPZ size assessment and
routine operational studies of different reactors and different NPPs are also present in this
chapter. In the third chapter, physical and meteorological aspects of atmospheric dispersion are

briefly described. The theoretical bases of the three computational codes used in this study—
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RASCAL, HotSpot, and HY SPLIT—are also discussed. The main emphasis is on the theoretical
and mathematical implementations of the atmospheric dispersion modeling in the three codes, as

well as the RASCAL source term calculation basis and its characteristics in Large Break Loss of

Coolant Accident (LBLOCA) and LTSBO events.

The methodology for the analysis of the current study, the prerequisites for simulating severe
initiating events, and their sensitivity test are all covered in the fourth chapter. Formulas for
developed weather scenarios of the Rooppur sites, along with national and international
guidelines and dosimetric criteria for intervention distances for various protective measures, are
also presented in this chapter. Based on the three primary goals of the study—consequence
analysis of LTSBO events, evaluation of EPZ size estimation and routine operational release
analysis—this methodology chapter is divided into three parts. The calculated results and
discussions based on the three-part methodology of chapter four are the main focus of chapter
five. The source term of the six LTSBO cases, their release characteristics of various pathways,
a comparative assessment of the protective measures in RASCAL and HotSpot, the estimation
of PAZ and UPZ sizes with potential protective measures, and the annual effective dose during
routine operation are all included in this chapter. The thesis's final chapter, chapter six, contains

the key findings and some suggestions.
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CHAPTER 2.

LITERATURE REVIEWS

2.1 Station Blackout Event Progression and Behavior

An SBO causes a loss of power, turbine trip, and simultancous unavailability of on-site
emergency AC power, which is the most dominating accident sequence in a VVER-1000
reactor. All of the main active safety systems, such as the Emergency Feedwater System
(EFWS), Low-Pressure Injection System (LPIS), and High-Pressure Injection System (HPIS),
become inoperable due to this condition (Tusheva & Reinke, 2007). As a result, the feedwater
and primary coolant pumps trip when reactor SCRAM is activated, instantly reducing the forced
coolant flow. Natural circulation initially removes the decay heat from the core, but as plant

conditions deteriorate, this process progressively becomes worse.

As the turbine stop valves are shut, heat removal via steam dump to the condenser is avoided,
leading to pressure rise in the secondary circuit. Relief of steam is provisionally given by the
venting open of BRU-A valves, which maintain secondary pressure at approximately 6.67 MPa
by flowing steam to atmosphere (Tusheva & Reinke, 2007). Without a constant feed-water
supply, secondary-side water inventory continues to deplete through evaporation. When the
steam generators are dehydrated, the plant has no ultimate effective heat sink, and the primary

circuit begins to overheat.

In an SBO event, the time between reactor shutdown and the loss of cooling depends on whether
the passive emergency cooling system is operational. If this system fails, cooling is lost
immediately after shutdown. The escape of primary coolant through the Pressurizer (PZR) safety
valve results in core uncover, overheating, and progression to a severe accident stage. With no
additional safety systems engaged or accident management strategies applied, the Reactor
Pressure Vessel (RPV) may fail under high pressure, compromising containment integrity.
Furthermore, the high-pressure ejection of core melt, often accompanied by Direct Containment

Heating (DCH), poses a significant threat to the containment structure (Tusheva et al., 2009).



Chapter 2 Literature Reviews

The containment may fail before or shortly after the ejection of hot molten corium due to factors
such as direct containment heating (DCH), steam explosions, hydrogen explosions, or
containment isolation failure (Boeck, 2001). The location of a containment leak greatly affects
the outcomes of severe accidents and the resulting dose rates. Leaks through penetrations into
adjacent plant buildings release fewer fission products than direct leaks into the environment.
Earlier studies assumed leaks at the top of the containment dome, but more accurate scenarios,
focus on equipment hatches, airlocks, and penetrations where local strains are higher. Leak rates
are difficult to predict due to differences in concrete placing, weld quality, and material

properties (US NRC, 2013a).

Molten corium that breaches the pressure vessel in a catastrophic nuclear accident reacts with
concrete to produce fission products and gases like hydrogen, which raises the containment
pressure (Lee et al., 2016). Without cooling, this can damage containment and release
radioactive material. Steam from molten corium entering the cavity or core-catcher is the main
cause of rising pressure. Initially, pressure rises slowly but spikes when corium is released.
Molten corium concrete interaction (MCCI) stops when water floods the cavity, but boiling
water quickly raises pressure. During the early phase, steam condenses inside the containment
due to the heat structures, reducing the pressure increase. Pressure gradually rises in the late
phase as steam and gases are produced by MCCI and water evaporation, with MCCI accounting

for two-thirds and evaporation accounting for one-third (Huong & Song, 2017).

The State-of-the-Art Reactor Consequence Analyses (SOARCA) project has demonstrated under
unmitigated SBO conditions that core damage is to be expected in 9 to 16 hours, and reactor
vessel rupture and off-site radioactive material releases within 45 hours (Chang et al., 2012).
Esfandiari et al. (Esfandiari, et al., 2019) conducted a thermo-hydraulic analysis of loss-of-
offsite-power accident scenarios. Jabbari et al. (Jabbari et al., 2019) examined SBO conditions in
the VVER-1000 reactor, considering both the presence and absence of operator actions. Lee et
al. (Lee et al., 2014) evaluated the extended SBO coping capability of the APR-1400 reactor,
focusing on the effectiveness of external water injection strategies. Similarly, Darnowski et al.
(Darnowski et al., 2015) studied the consequences of off-site power loss combined with total

diesel generator failure in the European Pressurized Water Reactor (EPR).
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Comparative assessments of SBO accidents using ATHLET for a German PWR-1300 MWe and
a VVER-1000 demonstrate comparable key events, although changes in reactor power and
steam generator design influence timing. The VVER-1000 allows more time for accident
management. Without active ECCS, core dry-out is unavoidable; though the PSD procedure can
delay it by two hr. Restoring power after accumulator depletion is essential to prevent severe

core damage (Auria et al., 2008).

Auria et al. (Auria et al., 2008) found that depressurizing steam generators and the primary
system in a VVER-1000 extended the plant's grace period from under 3 hr without accident
management to 13 hr with accident management, and a theoretical maximum vessel failure time
of 18 hr during SBO event. Another study using the ASTEC code (Tusheva et al., 2012) showed
that without accident management, core heating begins approximately 2 hours and 26 minutes,
with vessel failure at high pressure occurring after 4 hours and 18 minutes during an SBO.
Depressurizing the primary system delays failure to about 5 hours and 48 minutes, but power

restoration is still crucial for a VVER-1000/V-320 reactor.

Jabbari et al. (Jabbari et al., 2019) found that adding portable power sources and water supplies
for the primary and secondary cooling systems significantly improves the VVER-1000’s/V-446
resilience during SBO events using the Relap5 code. Besides, most of the studies including the
mentioned above did not examine the core catcher system's role during accidents. However,
Salari et al. (Salari et al, 2023) found that with a core-catcher during a SBO event reduces H; by
12.4%, CO and CO, by 100%, pressure by 14.34%, and temperature by 7.15% in the
containment of a VVER- 1000 / v446 reactor using MELCOR code.

Battery-supported safety systems and passive heat removal capabilities need to be in place for
much longer than a few hours, as the Fukushima Daiichi accident showed. Additionally, it noted
the challenges of implementing emergency cooling in SBO conditions and restoring off-site
power. Therefore, early depressurization, quick power supply restoration, and long-term passive
heat removal are essential components of effective SBO accident management. In order to
prevent re-criticality, containment flooding, ex-vessel cooling, and boron injection have also
been proposed as ways to slow the core melt process and preserve fission products. (Tusheva et

al., 2009).
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2.2 Accident Analysis using RASCAL, HotSpot and HYSPLIT Codes

These codes have been widely applied in radiological dose assessments for various NPP
scenarios in different countries. For a VVER-1200 reactor, Khai et al. (Khai & Cuong, 2015)
modeled a Level 7 LBLOCA at the Ninh Thuan 1 NPP. They evaluated radiation doses within
40 km during the dry and rainy seasons. At the APR1400-based Shin Kori Unit 3, Muhammad et
al. (Muhammad & Juyoul, 2019) assessed dose releases from hypothetiical LTSBO and LOCA
events while taking seasonal effects into account. Similar to this, Gyamfi et al. (Gyamfi et al.,
20202) used a VVER-1000 model under a DBA involving a cold leg rupture and both InterRAS
and HotSpot codes to evaluate radiological risks for a proposed site in Axim. Using RASCAL
and GENII, Juyoul et al. (Juyoul & Moses, 2024) examined the radiological eftects of accidents
involving four different reactor types: APR1400, VVER1200, HPR1000, and APR1000.
APR1000 presented the least risk to public health, according to their findings from LTSBO
scenarios. Additionally, Juyoul et al. (Juyoul & Saleh, 2024) used ten years of meteorological
data to model dispersion over a 40 km area in order to simulate LOCA and LTSBO at El Dabaa
NPP.

In order to simulate a severe accident at Bushehr NPP, Ahangari et al. (Ahangari & Kalkhoran,
2019) used RASCAL to identify protective zones in accordance with EPA guidelines. They
estimated Total Effective Dose Equivalent (TEDE) and thyroid doses under various weather
conditions. Using RASCAL-4.2 and IAEA guidelines, Bakr et al. (Bakr & Abdien, 2018)
conducted an assessment at El Dabaa to establish EPZs for a VVER reactor. Souissi et al.
(Souissi et al., 2019) conducted seasonal LOCA simulations for a 3300 MW, PWR at potential
Tunisian sites—Marsa Dhouiba and Skhira. They estimated health impacts and determine

appropriate protective measures using RASCAL.

Few research works have been done on consequence analysis for NPP accident using HotSpot
code. Among them Cao et al. (Cao et al. , 2016) utilized HotSpot assess the radiological
consequences of a hypothetical AP1000 SGTR event at Xianning NPP, calculating TEDE, air
concentration, and ground deposition across stability classes A-F with site-specific
meteorological data. Similarly, Gyamfi et al. (Gyamfi et al., 2020b) applied HotSpot to evaluate

potential dispersion from a VVER-1000 accident at a proposed site in Axim, Ghana.
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Shamsuddin (Shamsuddin et al., 2017) modeled radionuclide dispersion from a candidate

nuclear site in Manjung, Malaysia.

The HYSPLIT code has been used in numerous studies in NPP scenarios and at different
possible reactor locations. For instance, Pirouzmand et al. (Pirouzmand et al., 2018) examined
the effects of an hypothetical SBO and LBLOCA accident scenario in Bushehr unit-1 (BNPP-1).
Aliyu et al. (Aliyu et al., 2015) conducted hypothetical accident assessments at selected sites in
Nigeria under different release conditions. Saeed et al. (Saced et al., 2020) analyzed how
radioactive plumes dispersed from a hypothetical accident in Baiji, Iraq. Omar et al. (Omar et
al., 2019) modeled dispersion from a proposed site in Mersing, Johor, using HYSPLIT. In the
meantime, HY SPLIT was used by Ireland's Radiological Protection Institute of Ireland (RPII) to
evaluate the possible effects of UK-based NPPs on Irish territories (McMahon et al., 2013).
Furthermore, HYSPLIT has been used in a number of studies to assess routine operational

emissions.

2.3  Accident Analysis of the Rooppur NPP

There is limited research on the radiological risks associated with severe nuclear accidents at the
Rooppur NPP in Bangladesh, particularly regarding Design Basis Accidents (DBAs) and the
various modeling techniques that are applied. Sahadat et al. (Sahadat & Fairuz, 2020a) used the
HotSpot 3.1 code to assess the Total Effective Dose (TED) and ground deposition in a
hypothetical LBLOCA. They analyzed the radiological effects on the affected population in
various seasonal weather conditions. Shiuli et al. (Shiuli et al., 2022) also evaluated the Rooppur
reactor events that were at levels 5 to 7 on the INES. They used the RASCAL and HotSpot
computer codes to model the LOCA events. Their assessments included TED, TEDE, Thyroid
Committed Dose Equivalent (CDE), and Committed Effective Dose Equivalent (CEDE) from
inhalation for a 40 km radius around the Rooppur NPP.

For Rooppur NPP, R. Alam (Alam, 2024) examined the LBLOCA without the ECCS under
variations of weather and seasonal conditions. HotSpot (v3.1.2) and PCTRAN were used for the
simulations within a 100 km radius. The radioactive releases and the associated external doses
were measured with ground deposition, TED, plume area, and exposure pathways, all of which
were evaluated seasonally. Altab et al. (Altab et al., 2020) used an atmospheric dispersion model
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to study the potential radiation doses from a hypothetical release of radionuclides at the Rooppur
NPP. They generate source term based on the Nuclear Regulation (NUREG-1228) using
MATLAB. By adjusting uncertain input parameters, they conducted a sensitivity analysis for
TEDE. Sahadat et al. (Sahadat & Fairuz, 2020b) evaluated the dose contours to track arrival
times and plume direction in Rooppur. They used a source term comparable to that of the
Fukushima accident and employed the HotSpot code. In case of an emergency evacuation, they

also suggested possible shelter locations.

Nath et al. (Nath et al., 2020a; Nath et al., 2020b) examined the thermal-hydraulic behavior of
VVER-1200 reactor cores during LOCA in conjunction with SBO scenarios. They analyzed
various factors, including heat transfer, reactor pressure, coolant flow dynamics, critical heat

flux, and temperature distribution, using the PCTRAN simulation both with and without the
ECCS.

2.4 Previous Evaluations of EPZ

Several studies used different models and methodologies to evaluate the EPZs for different
NPPs. The Swedish Radiation Safety Authority reassessed the EPZs for the Forsmark,
Oskarshamn, and Ringhals sites using the RIMPUFF (Niclsen et al., 1999) and PIGLET (Young
et al., 1990) models. Their evaluation led to a recommendation of revising the original 12—15
km EPZs to a 5 km radius PAZ and a 25 km radius UPZ (Johansson et al., 2018). Similarly, the
German Commission on Radiological Protection reviewed EPZs (German Commission on
Radiological Protection, 2014) using the Real-time Online Decision Support System (RODOS)
framework (Raskob & Gering, 2010), incorporating lessons from the Fukushima accident. Based
on emergency reference levels of 100 mSv for evacuation and 10 mSv for sheltering, they
proposed defining a central zone extending up to 5 km and a medium zone reaching up to 20

km.

Sahin et al. (Sahin & Ali, 2016) evaluated EPZs for the ACP-1000 reactor in Karachi, Pakistan,
using Gaussian plume and puff models within the RASCAL code (Ramsdell et al., 2012),
following IAEA Post-Fukushima Guidelines. In the Czech Republic, EPZs for the Temelin
VVER-1000 NPP were determined through a probabilistic approach for both DBA and BDBA

(State Office for Nuclear Safety, 2001). These scenarios were derived from level 1 and level 2
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probabilistic safety assessments (PSA) conducted with the MELCOR code (US NRC, 2001).
Findings showed that beyond a 5 km radius, intervention thresholds for sheltering (50 mSv) and
evacuation (500 mSv) were not exceeded. Likewise, at South Africa’s Koeberg NPP (922 MWe
Framatome), a combination of deterministic and probabilistic analyses was applied (Perryman,
2005). EPZs were calculated using the COSYMA code (National Radiological Protection Board,
n.d.) for a reference scenario involving a 1% iodine release, recommending a PAZ of 3 km and a
UPZ of 14 km. Additionally, Ali et al. (Ali & Kakosimos, 2023) proposed a receptor-centric
decision support framework that integrates impact assessments from multiple NPPs for primary
receptors (the State of Qatar) and secondary receptors (cities, transport hubs, industries,
desalination plants, oil and gas fields). This system assesses potential consequences from three
nearby NPPs—Barakah [ in the UAE, Bushehr I (operational) in Iran, and Umm Huwayd
(proposed) in Saudi Arabia—and prioritizes countermeasures for non-simultaneous accident

scenarios.

According to the U.S. NRC, EPZs are tailored to site-specific factors such as local requirements,
population density, terrain, access routes, and jurisdictional boundaries. A joint NRC-EPA task
force established EPZ dimensions for plume exposure and ingestion pathways by evaluating
risk, probability, cost-effectiveness, and potential accident consequences. Their findings
indicated that, for most nuclear plants, EPA evacuation thresholds—250 mSv for thyroid
exposure and 50 mSv for whole-body exposure—are unlikely to be exceeded beyond a 10-mile
radius, even under conservative conditions (US NRC, 1980; US NRC, 2012). In a related study,
Tang et al. (Tang et al., 2016) analyzed the evacuation zone requirements for a potential nuclear
meltdown at the Longmen plant in Taiwan, using emission scenarios similar to those of the 2011
Fukushima accident. Results showed that the plume exposure pathway, accounting for inhalation
and cloudshine with initial 7-day doses above 20 mSv, could extend from around 10 km in rainy

conditions to as far as 100 km under sunny weather.
2.5 Routine Operations

Numerous studies have investigated the release of radioactive materials into the environment
during the routine operation of various NPPs in different countries, employing a variety of
computational codes. For instance, Sadhukhan et al. (Sadhukhan & Synzynys, 2023) studied
routine operational impacts using the CROM code (CIEMAT, 2007). They assessed the
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atmospheric dispersion of radionuclides and its impact on public radiation exposure both before
and after the Rooppur plant was put into operation. Their model included a neutral atmospheric

stability class (D) and a constant wind speed of 2.98 m/s during the dispersion process.

Sohrabi et al. (Sohrabi et al., 2013) used the PC-CEAM 98 code, while Pirouzmand et al.
(Pirouzmand et al., 2015) applied the CAP88-PC code to evaluate radiation doses from routine
releases at the Bushehr NPP-1, a VVER-1000 reactor. Similarly, Zubair et al. (Zubair et al.,
2022) utilized the GALE code to assess radiation doses from gaseous emissions during the
routine operation of the Barakah NPP of the APR-1400 reactor. The above studies utilize
Gaussian dispersion models, which are among the simplest methods for simulating atmospheric
dispersion and favored over numerical dispersion models due to their minimal data

requirements, such as wind speed and source terms.

The HYSPLIT — a 3- D model has been widely utilized in scientific studies as well as examining
dose assessment of the routine operations of NPPs in various locations of Korea (Kim et al.,
2022), Saudi Arabia (Alramamah et al., 2022), Bushehr, Iran (Feyzinejad et al., 2019, Zali, et al.
2017), and Nigeria (Aliyu et al., 2015). Kim et al. (Kim et al., 2022) analyzed and compared
radiation doses from operational NPPs in Korea and China, focusing on their impact on major
cities in Korea. The study employed the HYSPLIT and SimPacts software packages to model
the dispersion of airborne pollutants. Alrammah et al. (Alramamah et al., 2022) conducted a
radiological impact assessment study for a proposed PWR at Umm Huwayd on the eastern coast
of Saudi Arabia. The HYSPLIT tool was used to estimate the air concentration and ground
deposition of radionuclides such as cesium-137 and iodine-131. Aliyu et al. (Aliyu et al., 2015)
analyzed radionuclide air concentrations in air and surface depositions resulting from
hypothetical NPP stack emissions in Nigeria. Feyzinejad et al. (Feyzinejad et al., 2019) validated
the HY SPLIT model and conducted dispersion simulations using the integrated WRF-HYSPLIT

framework to assess annual radiation doses from routine operational releases.

2.6 Criteria of Protective Actions

During a radiological accident involving uncontrolled radioactive material release, protective
actions are necessary to prevent unnecessary radiation exposure, even if they disrupt normal life.

Early Phase Response

(16]



Chapter 2 Literature Reviews

Table 2-1 lists protective actions for the early phase of a radiological accident as outlined in the
Bangladesh NNREPRP (MOST, 2020), IAEA General Safety Requirements (GSR) Part 7
(IAEA, 2015a), and the Protective Action Guides (PAG) manual (US EPA, 2017). Key
protective actions include sheltering in place, evacuation, and administering potassium iodide

(KI) as a supplementary measure.

The projected early-phase PAG are usually calculated over the first four days after a release,
covering exposure to both the plume and deposited materials before considering long-term
protective actions like relocation (US EPA, 2017). PAGs outline dose thresholds that trigger
protective actions to minimize radiation exposure and serve as advisory tools rather than
regulatory limits; they do not classify exposure as safe or unsafe. PAG values are designed to
aim a balance between practical considerations of health risks and cost-effectiveness (US EPA,

2017).

The EPA recommends sheltering-in-place or evacuation if TEDE exceeds 10-50 mSv, with
evacuation generally starting at 10 mSv. However, evacuation may be unsuitable in cases like
severe weather, concurrent disasters, or immobile individuals. Sheltering is often preferred for
high-risk groups, with a recommendation to shelter in place for projected doses up to 50 mSv
(US EPA, 2017). On the other hand, NNREPRP and GSR 7 recommend sheltering in place or
evacuation for a 7-day whole body dose (TEDE).

If significant radioiodine is released and the projected thyroid dose exceeds 50 mSv,
administering KI should be considered as an additional protective action. During the early phase
of a radiological emergency, due to their sharp sensitivity to radioactive iodine exposure in
children, the PAG Manual (US EPA, 2017) recommends the administration of potassium iodide
(KI) when the projected thyroid dose to a child exceeds 5 rem (50 mSv). To support this
recommendation, RASCAL 4.3 includes functionality for calculating child thyroid doses,
specifically to inform decisions regarding KI distribution. These calculations are based on FGR

13 and ICRP Publication 72 dose coefficients, which provide age-specific parameters.

Table 2-1: Criteria for protective actions in National and International guidelines

Protective Intervention Levels

Actions
NNREPRP | GSR part-7 |

PAG Manual,
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(MOST, 2020)

(IAEA, 2015a)

(US EPA, 2017)

dose equivalent

Sheltering-in-place 100 mSv, 100 mSv, 10- 50 mSyv,
or,
Evacuation whole body dose, Effective dose, TEDE,
first 7 days first 7 days first 4 days
50 mSyv, 50 mSv, 50 mSyv,
Stable Iodine
Administration | Equivalent dose to the | Equivalent dose to the | Child thyroid dose
(Iodine thyroid thyroid due to thyroid due to from exposure to
blocking) exposure from exposure from radioiodine~
radioiodine, radioiodine,
first 7 days ~ first 7 days ~ Child Thyroid
committed dose
Thyroid committed Thyroid committed equivalent

dose equivalent

Intermediate Phase Protective Actions

The intermediate phase lasts for weeks to months after an initial accident and focuses on three
main areas 1. Limiting long-term radiation exposure, 2. controlling the spread of contamination,
3. preparing for recovery and potential reoccupation. Unlike the quick evacuation that occurs
immediately after a release, relocation is a longer-term strategy aimed at reducing the risk of
chronic exposure to radiation. This approach may involve moving residents from contaminated

areas even after the initial evacuation has ended (US EPA, 2017).

For PAG, relocation thresholds are set at 5 mSv in each accomplishing year and 20 mSv in the
first year. The 20 mSv annual threshold was selected as a compromise to guarantee safety while
minimizing disturbance to impacted people and communities. Ingestion is usually excluded from
these thresholds unless it substantially increases exposure, and they apply to future doses that

can be prevented (US EPA, 2017).

Cleaning procedures like surface washing, soil removal, and debris disposal might be sufficient
if anticipated radiation doses fall below specific relocation thresholds. In areas where short-
lived radionuclides are present, natural decay and restricted access can help lower radiation

exposure. For long-lasting contaminants, relocation might still be required.

(18]



Chapter 2 Literature Reviews

2.7 Summary on Literature review and Identified Gaps
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Figure 2-1: Summary on Literature Review and Identified Gaps
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The review of existing literatures and identified gaps is shown in Figure 2-1 indicates that
several critical research gaps in the assessment of nuclear accident consequences at Rooppur
NPP. Notably, there is no comprehensive evaluation of the radiological impacts of a BDBA
involving a LTSBO using validated atmospheric dispersion models. Existing studies also lack
high-resolution, three-dimensional dispersion analyses to capture long-range transport beyond
200 km under varying meteorological conditions. Moreover, limited attention has been given to
temporal and atmospheric variability, particularly differences between daytime and nighttime
releases and across stability classes. Research addressing long-term and trans-boundary impacts

of accidental releases remain absence.

In addition, there is insufficient evidence-based evaluation of emergency protective actions in
the context of post-Fukushima [AEA safety standards. Finally, the demarcation of PAZ and UPZ
are largely based on indicative assumptions, highlighting the need for technically justified EPZ

design grounded in robust radiological consequence analysis.
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CHAPTER 3.

THEORETICAL ASPECTS OF ATMOSPHERIC DISPERSION AND
USED CODES

3.1 Meteorological and Physical Aspects of Atmospheric Dispersion

Complex interactions between atmospheric physics and meteorological conditions control the
dispersion of radioactive material in the atmosphere, especially during an NPP accident. These
elements have a special impact on the planetary boundary layer (PBL), where surface-driven

meteorological processes interact with the released pollutants.
3.1.1 Meteorology's Role in Atmospheric Dispersion

The way pollutants are dispersed and diluted in the atmosphere is greatly influenced by
meteorology. From micrometers to thousands of kilometers, and from seconds to years, the
atmosphere exhibits significant spatial and temporal variability. These differences have a direct
impact on the movement and dispersion of gases and particles emitted from sources such as

NPPs.

The spatial and temporal scales of atmospheric processes can be used to categorize them:
Turbulence and eddy diffusion are examples of microscale phenomena (2 mm-2 km) that have a
major impact on plume spread close to their source. Mesoscale (2 km—2,000 km): This includes
regional wind patterns like thunderstorms, sea breezes, and mountain-valley winds. Larger
weather patterns, such as fronts, major storm systems, and systems of high and low pressure, are

covered by the synoptic scale (500—-10,000 km) (Kiehl & Jacobson, 2001).

Different scales affect how pollutants spread in the environment. Important weather factors for
dispersion are wind speed and direction, air stability, turbulence, temperature, humidity, and
rainfall. Wind moves pollutants horizontally, while turbulence controls their spread. Air stability
affects vertical dispersion and determines how much airborne contaminant get diluted (IAEA,

1986).
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Understanding the weather is essential for forecasting the path of radioactive plumes and
determining the possible radiation exposure of individuals in emergency situations, such as

nuclear accidents.
3.1.2 The PBL and Its Influence on Dispersion

The PBL is the lowest part of the atmosphere that directly feels the effects of the Earth's surface.
It reacts to things like heating, cooling, and friction within about an hour or less (Stull, 1988).

The way the PBL is structured and moves plays a big role in how air spreads near the ground.

Inside the PBL, air mixes vertically because of two main reasons: Thermal convection happens
when different parts of the surface heat up unevenly, causing warm air to rise. Mechanical
turbulence is caused by wind changes near the surface or rough land. On sunny days with light
winds, thermal turbulence is more prevalent, whereas mechanical turbulence is more intense

when winds are high (Schulze & Turner, 1996).

Over land, the PBL changes a lot between day and night and can be divided into layers Surface
layer: From the ground up to about 10% of the PBL height, where temperature and wind change
quickly with height. Mixed layer: Forms during the day due to sunlight heating; well-mixed and
topped by a layer that stops air from rising further. Residual layer: available from the mixed
layer after sunset; less turbulent but can still move pollutants sideways. Stable layer (or
nocturnal boundary layer): Forms at night when the surface cools; reduces vertical movement
and causes pollutants to build up near the ground. The PBL’s depth usually ranges from 100 to

3000 meters, depending on time, weather, and surface type.
3.1.3 Wind Profile and Surface Roughness

The main force behind the horizontal movement of pollutants in the atmosphere is wind.
Pressure gradients create it, and surface friction and the Coriolis force alter it. Because frictional
influence decreases with height, wind speed typically increases. Wind shear, a change with

altitude, influences the vertical distribution of plumes and intensifies mechanical turbulence.

Depending on the surface roughness length (zo), the wind speed profile in the boundary layer

usually follows a logarithmic or power-law function of height. Rougher surfaces, like urban
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areas and forests, create more friction, which slows down winds and intensifies turbulence close
to the ground. On the other hand, less turbulent mixing occurs on smooth surfaces, such as flat
terrain or open water. In addition to influencing local wind direction, surface roughness and
obstructions like trees or buildings can create mechanical turbulence, which alters plume spread

patterns (Marshall & Plumb, 1965).

3.1.4 Atmospheric Stability and Vertical Temperature Structure

Atmospheric stability affects how pollutants move up and down in the air. Stability is assessed
by comparing the environmental lapse rate (ELR)—the rate of temperature decrease with height
in the atmosphere—to theoretical lapse rates: Dry Adiabatic Lapse Rate (DALR):
Approximately 9.8°C/km for unsaturated air (Barry et. al, 2003). Saturated Adiabatic Lapse Rate
(SALR): Ranges from about 4°C/km to 7°C/km depending on temperature and moisture.

The DALR correlation with the ELR establishes whether the atmosphere is: Stable: ELR <
DALR; poor dispersion results from suppressed vertical motion. Unstable: ELR > DALR;
improved vertical motion promotes effective mixing. Neutral: ELR = DALR; when air parcels
are displaced vertically, they do not accelerate or decelerate. Significant levels of pollutants can
trapped near the ground resulting from temperature inversions, in which the temperature

increases with altitude.

In 1961, Pasquill created a classification system based on surface wind speed, solar radiation
during the day, and cloud cover at night to aid in estimating atmospheric stability (Pasquill,
1974). This system includes six stability classes: A: Very unstable, B: Unstable, C: Slightly
unstable, D: Neutral, E: Slightly stable, F: Stable. The dispersion coefficients for Gaussian
plume models are determined by these classes, which are frequently employed in regulatory
dispersion models (US NRC, 1982a). Classes E and F, for example, suggest little vertical
mixing, whereas Classes A—C show strong vertical dispersion. Increased turbulence favors
pollutants to move upward and downward in unstable conditions, which helps in their dilution.
Because there is less vertical mixing under stable conditions, pollutants stay nearer the surface,

increasing local concentrations.

Potential temperature (0) is an important thermodynamic measure for assessing atmospheric

stability, particularly at varying heights. It represents the temperature an air parcel would reach
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if it were brought adiabatically to a standard pressure level, usually 1000 hPa. In a stable
atmosphere, potential temperature increases with height. A constant or decreasing potential

temperature with altitude indicates a neutral or unstable profile.

3.1.5 Plume Behavior and Dispersion Patterns

The stability of the atmosphere and wind structure has a major impact on the form and motion of
a radioactive plume. While wind speed affects the plume's travel time and degree of dilution,
wind direction affects how the plume disperses. Emergency responses planning and simulating

radiation exposure require an understanding of these dispersion behaviors.

Some typical plume behaviors are: 1. Looping: The plume travels widely up and down when
there is strong vertical mixing and unstable conditions. 2. Coning: Under neutral conditions,
with moderate and steady vertical and horizontal dispersion, this behavior is observed. 3.
Fanning: The plume spreads out horizontally but stays confined vertically in stable atmospheres
with weak vertical mixing. 4. Lofting: The plume can rise and disperse without coming into
contact with the ground when the atmosphere is unstable above the source but stable below. 5.
Fumigation: When the atmosphere is stable above but unstable below, the plume is trapped and
rapidly mixed down, which can result in high concentrations at ground level. 6. Trapping: The
plume remains contained in a narrow layer when stable layers are present both above and below

the emission point (Lamarsh & Baratta, 2001).

3.2 Present Study Used CODES

The radiological impact of a nuclear accident depends on a range of parameters like
meteorology, topography, type and quantity of radionuclide released. The radiological
dispersion needs to be simulated on the computer code for modeling and calculating the
probable exposure of the population. NPPs worldwide employ codes for evaluating the probable
outcome of nuclear accidents. These codes are supported by regulatory organizations and are
used primarily for the assessment of accident sequences, estimation of source term releases from
containment structures, and prediction of radioactive material dispersal into the environment. It
examines radiation doses to members of the public through different paths of exposure, such as
cloudshine, groundshine, resuspension, and ingestion of radiologically contaminated food and
water. Furthermore, the codes determine the geographical contamination ranges and can
simulate environmental impact over large distances, e.g., spanning national boundaries.
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3.2.1 RASCAL CODE and Models

The Radiological Assessment System for Consequence Analysis (RASCAL) code (Ramsdell et
al., 2012; Ramsdell et al., 2015), developed by the U.S. NRC Emergency Operations Center,
serves as a rapid assessment tool for performing independent dose projections during
radiological emergencies. It is designed to evaluate potential radiological impacts both prior to
and during a release or severe accident, particularly when environmental monitoring data are not

yet available.

RASCAL supports emergency planners, responders, and analysts by estimating population
exposure levels and assisting in determining appropriate protective measures. Its fast dose
calculation capability is especially valuable to local emergency authorities when deciding

between issuing evacuation orders or advising the public to shelter in place.

RASCAL version 4.3 includes a suite of seven analytical tools, with four specifically designed
for consequence assessment. Among these, Source Term to Dose (STDose) and Field
Measurement to Dose (FMDose) are the principal tools used for estimating radiation doses
(Ramsdell et al., 2013; Athey et al., 2013). The most widely used tool, STDose, was utilized in
this study with an ordered process that includes incident site, describing the nature of the issue,

estimating radionuclide releases, and assessing the dose consequences.

The tool simulates a number of scenarios including accidents involving nuclear reactors, spent
fuel pools, radioactive material transportation accidents, and incidents involving radiological
dispersal devices. RASCAL 4.3 can simulate events for up to 96 hours and has an extended
calculation range of up to 160 kilometers (Ramsdell et al., 2015). To evaluate radiation doses, it
uses two modeling techniques: a puff model on a Cartesian grid for longer distances and the

Gaussian Plume Model (GPM) for short distances.

RASCAL employs a number of models to predict the consequences of an accidental release.
The first set of models assesses the quantity of activity emitted into the environment over time.
The second set of models distributes the activity in the environment; the third set of models

determines the impact of the activity in the environment. (Ramsdell et al., 2013).
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The STDose model is utilized when users need to input data regarding reactor or accident
conditions to estimate the projected radiation dose to individuals located downwind of a release.
Initially, STDose generates a time-dependent source term, which specifies the release rate of
each radionuclide over time considering radioactive decay chains to track radionuclide behavior.
An atmospheric dispersion and transport model that computes the movement and settling of
radionuclides in the environment uses the source term from this tool as input. (Ramsdell et al.,
2013). The transport, dispersion, and deposition model calculates the concentrations of
radionuclides in the atmosphere and on the ground. Projected radiation doses through the three
main exposure pathways—cloudshine (direct exposure from the radioactive plume), inhalation
(intake of airborne radionuclides), and groundshine (external exposure from radionuclides
deposited on the ground, usually assuming four days of exposure)—are then calculated using

these concentrations (Ramsdell et al., 2013).
3.2.1.1 Source Term / Release Path Models

The initial models used in RASCAL simulations are the source term release path models. These
models estimate which radionuclides are released and the quantity of each available for
environmental release. They also define the transport mechanism of radioactive material from
the source to the environment and quantify the release over time. Depending on the type of
event, such as reactor accidents, spent fuel incidents, or events at fuel cycle facilities, different

models are used (Ramsdell et al., 2013).

Reactors Models

A simplified model of nuclear reactors in RASCAL is made up of a number of connected
compartments, or "boxes," that are used to transfer radioactive materials. The system begins
with the reactor vessel and ends with the external environment. The number and arrangement of
intermediate compartments, as well as the transfer pathways between them, vary depending on
the specific type of reactor. The physical and chemical processes—such as radionuclide decay
and the formation of decay products—can occur within any of these compartments. Each reactor
type, such as a PWRs or Boiling Water Reactor (BWR), is characterized by a unique
configuration of these boxes and transfer routes. RASCAL includes predefined configurations
for several reactor types, including PWRs with U-tube and once-through steam generators,

BWRs, and VVERSs (Russian-designed PWR) (Ramsdell et al., 2013).
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For identifying the source term in NPP accidents, RASCAL provides a number of techniques.
These methods include approaches based on predetermined accident scenarios as well as
sampling or monitoring data. In particular, RASCAL contains four predefined accident
sequences: the LBLOCA, the LTSBO scenario based on the SOARCA study, Coolant Release
Accidents, and scenarios utilizing data from the Containment Radiation Monitor (Ramsdell et
al., 2012; Ramsdell et al., 2013). The LBLOCA and LTSBO are the two primary modeling
sequences that RASCAL offers for core-melted accident scenarios. These are employed to

model radionuclide release and the progression of severe accidents.

When modeling PWR scenarios where the source term is based on reactor conditions or derived
from coolant or containment air samples, users can choose from three possible release pathways:
Containment leakage or failure, Steam generator tube rupture, and Containment bypass

(Ramsdell et al., 2012; Ramsdell et al., 2013).

To define the characteristics of a containment leak, users can select between two options:
specifying the leak rate as a percentage of volume per unit time, which is used in this study or
characterizing it based on containment pressure and hole size (Ramsdell et al., 2012; Ramsdell
et al, 2013). For example, a 100% per hour leak rate equates to a 25% loss per 15-minute
interval. RASCAL adjusts inventories at each step to account for decay, ongoing core damage,

mitigation, and environmental release (Ramsdell et al., 2012).

In addition to these defined scenarios, there are five data-driven methods for estimating source
terms: coolant sample, containment air sample, effluent discharge by mixes, effluent release
rates by nuclide, and effluent release concentrations by nuclide. These allow users to specify or
estimate source terms using radiological measurements or observable plant data (Ramsdell et al.,

2012; Ramsdell et al., 2013).

3.2.1.1.1 Source Term Calculation Basis in RASCAL for PWRs

RASCAL 4's STDose module uses techniques primarily taken from NUREG-1228 (McKenna &
Giitter, 1988) to estimate the source terms over time for NPP accidents. To better understand
severe accident behaviors in light-water reactors, these techniques have been updated using

timing and source term data from NUREG-1465 (Soffer et al., 1995).
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For source terms involving core damage, radionuclide inventories are based on calculations by
the U.S. NRC using the SAS2H module of the SCALE 4.4a (Standardized Computer Analyses
for Licensing Evaluation) system, which employs ORIGEN-ARP for radionuclide concentration
over time. These inventories are normalized in curies per megawatt thermal (C/MWy) and a
PWR with 193 fuel assemblies, a burnup of 38,585 MWd/MTU, 4.0% uranium-235 enrichment,
and a total thermal output of 3,479 MW, (Ramsdell et al., 2012).

Most radioactive material in a nuclear power plant is contained within the fuel rods, and
significant releases typically occur only when severe fuel damage happens. The most common
cause of this damage is coolant loss, which uncovers the fuel rods and prevents efficient heat
removal. RASCAL simulates the release of fission products over time using the "time core
uncovered" model, initially concentrating on noble gases and volatile radionuclides such as
cesium and iodine. As a result, the fuel cladding melts first, followed by the fuel itself. If left
uncovered, molten fuel may breach the reactor pressure vessel. Since predicting the timing and
duration of core uncovering is more dependable than estimating the extent of core damage,

RASCAL uses this parameter to estimate offsite consequences.

RASCAL simulates the release of fission products over time using the "time core uncovered"
model, first focusing on noble gases and volatile radionuclides such as cesium and iodine
(Ramsdell et al., 2012). This model estimates the amount of release based on how long the
reactor core is without coolant. By providing the duration of core exposure, users can allow
RASCAL 4 to estimate fuel damage according to specific timeframes in Table 3-13 of NUREG-
1465 (Soffer et al., 1995).

In RASCAL version 4.3, the model includes a "core damage state" option for both LBLOCA
and LTSBO scenarios. The “percent damage” input functions similarly to choosing the “core
recovered” option with a specified recovery time. The correlations among the core damage
phase, percentage of core damage, and the effective core recovery time in LBLOCA and
LTSBO scenarios—for PWRs—are derived from the accident progression frameworks detailed
in NUREG-7110 Volume 2, Revision 1 (US NRC, 2013a); and NUREG-1465 (Soffer et al.,
1995). These relationships are implemented in RASCAL and are summarized in Table 3-1.
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Table 3-1: Damage state and time of effective core recovery for LBLOCA and LTSBO events
in PWR RASCAL Simulation (Ramsdell et al., 2015).

Core recovery timeCore recovery timej
Core damage phase  |Percent damage (%)  |(min)* (min)*

LBLOCA LTSBO
Cladding failure 0 to 100 0 to 30° 0 to 907
Core Melt 0 to 100 30 to 105" 90 to 300
Ex-vessel melt Not applicable 240 360
* Time, following the onset of core damage
+ Linear interpolation of time as a function of percent
b Linear interpolation of time as a function of percent, first sector, zero to seventy-five
percent correspond to 90 to 240 minutes, and second sector, seventy-five to one hundred
percent correspond to 240 to 300 minutes.

RASCAL 4 estimates source terms by dividing the facility into compartments and modeling
radionuclide transfers between them in 15-minute time steps. Since fission ceases after
shutdown, the fuel inventory declines over time due to decay and migration, although daughter
nuclides may grow in from parent decay (Ramsdell et al., 2012). During a post-shutdown
LBLOCA or an LTSBO in a PWR, radionuclides migrate from damaged fuel into the
containment atmosphere. Within the containment compartment, radionuclides undergo
radioactive decay, are subject to removal processes like spray systems and surface deposition,

and may escape through leakage. These events are modeled in 15-minute intervals to match

atmospheric dispersion calculations (Ramsdell et al., 2012).

RASCAL considers several release pathways in PWRs, including containment leakage, bypass
routes, ruptures in steam generator tubes, and direct environmental releases. Each pathway
includes attenuation mechanisms such as spray scrubbing, gravitational settling, and filtration,
with the exception of noble gases, which are assumed to escape these reduction processes. Time-
dependent exponential decay functions are used to model how effective these mechanisms are
(Ramsdell et al., 2012). Using a number of reduction mechanisms, RASCAL 4.3 monitors
radionuclide activity from the reactor core through plant systems and, eventually, to
environmental release. First, activity is adjusted through decay and in growth from reactor
shutdown until the final release applies the Bateman equations (Bateman, 1910; Ramsdell et al.,
2012) along with decay chain data. Additionally, the code calculates decay and in growth factors

for each radionuclide over a 5S-minute interval and utilizes these factors to adjust the source term
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during the release process. Second, while radionuclides remain in containment in the absence of
sprays, natural mechanisms such as gravitational settling (Reduction factor multiplier, exp(-A,t)
where A, natural process reduction constant varying with time) and turbulent impaction on
containment surfaces gradually reduce the airborne levels of particulates and reactive gases (US
NRC, 1990; Ramsdell et al., 2012). When containment sprays are turned on, they use a
decreasing reduction factor (multiplier, exp(-Ast) where A reduction constant for spray varies
with time) that helps in the washout process of radionuclide removal (Sjoreen et al., 1987;
Ramsdell et al., 2012). Additionally, filtration systems are employed to lower radionuclide
concentrations when venting the containment atmosphere to the outside environment, using a

multiplication factor of 0.01. (Ramsdell et al., 2012; Ramsdell et al., 2015).

In addition to plant design and accident scenario, source term assessment depends on various
factors, including core degradation, molten core interaction with the concrete basement, and

fission product removal in containment (US NRC, 2013a).
3.2.1.1.2 Source Term Basis for LBLOCA

The LBLOCA source term modeling in RASCAL 4.3 is based on the accident progression
described in NUREG-1465 (Soffer et al., 1995), which describes the phases and timing of
radionuclide release following a severe reactor event. In a LOCA scenario, coolant loss rapidly
raises the core temperature, which ultimately leads to core degradation when the fuel is no
longer adequately submerged. The reactor vessel's radionuclide releases are timed and scaled
according to NUREG-1465 guidelines, specifically those listed in Table 3-13 from NUREG-
1465 (Soffer et al., 1995). Typically, releases last four to five hours. Based on how long the core
is left exposed, RASCAL calculates the release of fission products. Cladding failure and fuel
melting start about the moment the coolant falls below the active fuel height. Initial releases are
dominated by gap activity, followed by progressive core melt and phase-specific radionuclide

emissions.

The release fractions listed for each damage phase—cladding failure, core melt, and vessel melt-
through—are phase-specific and not cumulative. To estimate the total release during a severe
accident, these individual phase contributions are added. These values were derived through
expert assessments of a variety of severe accident scenarios. While they don’t capture every

possible sequence, they reflect the most rapid progression of fuel damage, typically associated

(30]



Chapter 3 Theoretical Aspects of Atmospheric Dispersion and used CODES

with a LBLOCA at full reactor power and without ECCSs. Major fuel damage—and hence
significant releases—occurs only when the reactor core is exposed. RASCAL correlates core
exposure time with damage levels using timing data adapted from NUREG-1465 (Soffer et al.,
1995). For instance, 15 minutes of exposure corresponds to approximately 50% cladding failure,

and 30 minutes to full failure.

Gap release, early in-vessel release, ex-vessel release, and—beginning with version 4.3.1—Ilate
in-vessel release are the four primary release phases that RASCAL specifies for PWRs. As a
result of updated source term modeling that incorporates additional fission product releases from
halogens (like iodine and bromine), alkali metals (like cesium and rubidium), and tellurium
group elements (like tellurium, antimony, and selenium), RASCAL 4.3.1 now includes the late
in-vessel phase. NUREG-1465 (Soffer et al., 1995) is used to determine the release fractions for
each radionuclide group and phase. RASCAL 4.3.1 uses updated values to account for the
overlap between the ex-vessel and late in-vessel phases. The extended release behavior seen in

serious accidents is partially explained by these modifications.

3.2.1.1.3 Source Term Basis for LTSBO

The LTSBO scenario is modeled by RASCAL as a slowly developing accident that is initiated
by the complete loss of AC power, usually after an external effect. The reactor shuts down
correctly at first, but when backup power systems fail and battery reserves run out (about 4
hours for PWRs), cooling is lost, and residual decay heat causes the reactor coolant to boil off.
Core damage and radionuclide release start when the fuel becomes uncovered, usually 10 to 12

hours after the initiating event (Ramsdell et al., 2015).

In the case of LTSBO scenarios, the RASCAL source term model is structured around three
principal components: the reactor, containment, and atmosphere. The reactor module evaluates
the initial radionuclide inventory, accounts for radioactive decay, and models the initial release.
The containment module, which includes the reactor vessel, associated piping, ducts, and the
containment building, is treated as a single free-volume compartment in PWRs (Ramsdell et al.,
2015). MELCOR simulations from the SOARCA project (Chang et al., 2012) serve as the
foundation for the LTSBO source term model in RASCAL. The relative time-dependent
fractional release behavior of eleven radionuclides groups where primary contribution from

noble gases. Volatile radionuclides, such as iodine and cesium, come next. RASCAL makes the
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assumption that radionuclides released from PWRs will mix instantly and evenly inside the

containment area.
3.2.1.14 Comparison Between LBLOCA and LTSBO Source Terms

The release timing, radionuclide behavior, and ensuing radiological impact of the LBLOCA and
LTSBO scenarios are very different. The time lag between the initiating event and the beginning
of the radioactive release is one important difference. This delay enables more radioactive decay
and in-growth prior to release, changing the emission's composition and magnitude in LTSBO

events.

Figure 3-1 shows the relative time-dependent fractional releases of radionuclide groups for
LBLOCA (dash lines) and LTSBO (solid lines) from the core. RASCAL integrates time-
resolved release data from the SOARCA (Chang et al., 2012) simulations, in contrast to
conventional LOCA models that employ fixed release phases. LOCAs produce a rapid release
dominated by noble gases, LTSBOs result in delayed but more particle-rich emissions,
especially for elements such as iodine, cesium, and tellurium. Additionally, LTSBO scenarios
show higher release fractions for iodines and cesium due to extended core heating. These
differences are important for dose assessment and emergency response planning. In RASCAL
4.3.1 modeling, LTSBO events typically release fewer noble gases compared to LOCAs. This is
largely due to the decay of short-lived isotopes like Kr-87 and Xe-135m before LTSBO releases
begin.
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Figure 3-1: LBLOCA and LTSBO events release timing comparison for PWRs (Ramsdell et al.,
2015).

3.2.1.1.5 Verification of the Source Term Calculations in RASCAL in light of

Fukushima Daiichi Nuclear Accident

Table 3-2 compares observed radioactive releases reported by Japanese agencies (Inoue, 2012)
and independent researchers (Chang et al., 2012) based on a MELCOR analysis of an
unmitigated SBO for Peach Bottom Atomic Power Station. Estimates range from absolute

activity values to fractions of the core inventory.

Table 3-2: Reported I-131 and Cs-137 Releases from Fukushima Units 1-3 (Ramsdell et al.,

2012).
Source 1-131 (Bq) Cs-137 (Bq)
Nuclear Safety Commission of Japan 1.3x10" 1.1x10"°
Nuclear and Industrial Safety Agency @ 1.6x10" 1.5x10"°
Japan Nuclear Energy Safety Organization ) 1.3x10" 6.1x10"
(#) Inoue, 2012 <3% <2%
] 0 0,
Chang et al. ,2012 Core inventory 3% 10 10% 2% to 3%
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To evaluate RASCAL 4.2 performance, simulations were conducted using U.S. BWRs
resembling Fukushima Daiichi Units 1-3. Duane Arnold Energy Center was used as a surrogate
for Unit 1, and Cooper Nuclear Station for Units 2 and 3. Initial runs used default reactor
settings and the NUREG-1465 (Soffer et al., 1995) release sequence to estimate iodine-131 (I-
131) and cesium-137 (Cs-137) emissions over the first 48 hours following core uncover. Model
results varied significantly depending on the assumed release path, with drywell releases. A
more detailed simulation used a drywell pathway without spray mitigation. Table 3-3 shows the
parameters used for each reactor unit in the model. Simulations were initiated when fuel was no
longer adequately covered. Leak rates were adjusted from the default 0.5%/day to reflect
accident progression: 1%/hr during core damage, 25%/hr during venting, and 50%/hr after

hydrogen explosions, then returned to 1%/hr (Institute of Nuclear Power Operations, 2011).

Table 3-3: Fukushima reactor parameters used for RASCAL accident simulations of source
term verification and predicted releases of I-131 and Cs-137 (Institute of Nuclear Power

Operations, 2011; Ramsdell et al. 2012)

Unit 1 Unit 2 Unit 3 Total
Uranium (metric ton)’ 69 94 94
Power (MW1)) 1,380 2,381 2,381
Last startup 9/27/2010 | 9/23/2010 | 11/18/2010
Burnup MWdJ/MTU)" | 23,700 30,000 28,500
1-131 inventory (Bq) 1.36x10""° 2.35x10""° [ 2.35x10""° 6.07x10""®
1-131 release (Bq) 4.85x107"° [9.4x107"° [ 5.6x107"° 2.0x10™"7
I-131 release fraction 3.6% 4.0% 2.4% 3.3%
Cs-137 inventory (Bq) | 1.02x10""7 [ 2.23x10""" [ 2.11x10™"" 5.36x10"""
Cs-137 release (Bq) 4.10x10™"° | 1.13x10""° | 6.28x10"" 2.17x10""°
Cs-137 release fraction | 4.0% 5.1% 3.0% 4.1%
*) based on a 30-day shutdown and an 18-month refueling cycle, one third of the
core is replaced.

Even though Table 3-3's RASCAL results slightly overestimated actual releases, the differences
were still within allowable bounds of uncertainty. Interestingly, RASCAL assumes direct release
from primary containment and does not take secondary containment in BWRs into account.
However, in complicated accident scenarios like Fukushima, the RASCAL model showed

respectable accuracy.
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3.2.1.2 Atmospheric Transport, Dispersion, and Deposition Models
3.2.1.2.1 Atmospheric Dispersion Models

RASCAL calculates air transport, dispersion, and deposition based on time-dependent
meteorological data. The data may be based on actual observations and projections. RASCAL
has a meteorological data processing model that converts point observations into a structured
grid format suited for modeling. RASCAL, the model used for emergency planning, relies on
detailed wind data to make accurate calculations of how radioactive materials spread in the
atmosphere. Simply using observational weather data is not enough. RASCAL uses Gaussian
models to simulate the movement and dispersion of radioactive materials after a release, taking
into account the weather conditions at that time. The simulation alternates between a straight-
line Gaussian plume model and a Gaussian puff model (Ramsdell et al., 2012; Athey et al.,

2013).

Near Field (Gaussian Plume/Polar Grid) RASCAL employs a straight-line Gaussian plume
model for near-field computations. The model accounts for nuclide decay and in-growth, but
not transit time. The release point is considered to be at the middle of a polar grid, and
calculations are performed at 288 grid points (36 directions by 8 radii). The near field domain
radii are keyed to the size of the far field domain, but the user can alter them (Ramsdell et al.,

2013; Athey et al., 2013).

The straight-line Gaussian plume model is utilized when transit periods are short and plume
depletion caused by dry deposition is minimal. For a straight-line Gaussian plume model at a
release point, the assumptions are: a) meteorological conditions are constant as the puff proceeds
from the source to the receiver; and b) meteorological variables are horizontally homogenous
and stationary. b) Atmospheric conditions do not vary as a function of time during release and
travel (Ramsdell et al., 2012). The simplified version of the straight-line Gaussian plume model
used in RASCAL is given by equation 3.1.

xxyz) . FyFg
Q 27U Gy 0y

Where y is the mean concentration of diffusing material at a place (x, y, z). Q' represents the

release rate, Fy and F, are the lateral and vertical exponential terms, o, and o, are the horizontal
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and vertical deviations of the plume concentration distribution (m), and u is the wind speed

(m/s).

Far Field (Gaussian Puff/Cartesian Grid) RASCAL employs a Lagrangian Gaussian puff
model for far field computations. The Gaussian puff model is entirely time-dependent. It
addresses nuclide decay and in-growth, as well as the transport, dispersion, and deposition of
activity in a puff, which can change in time and space as the puff moves over the model domain.
Users can choose from four model domain sizes, ranging from 2 km to 160 km on a side. at all
cases, the release point is assumed to be located at the domain's center. The calculations are
performed at 1681 equally spaced nodes on a Cartesian grid (41 x 41). (Ramsdell et al., 2012;
Athey et al., 2013).

The Gaussian puff model takes into account temporal and spatial fluctuations in meteorological
circumstances, as well as the potential for significant plume depletion due to dry deposition. In a
Cartesian coordinate system with x and y-axes in a horizontal plane and z in the vertical, the

normalized concentrations (equation 3.2) near the puff are:
1

Cxyz2) 1 e [‘E(%)Z] e _%(%)2 e [_%(%)2] (3.2)

Q /(275)307((5},(52 .................

Where x-along wind coordinate (m), y-cross-wind coordinates (m), z-vertical coordinate (m), C

(X, y, z) is the concentration (Ci/m3 or g/m3) at a puff position (x, y, z) from the center (xo, Yo,
20), Q is the amount of material released (Ci or g), and oy, oy, G, are the atmospheric dispersion

parameters (m).
3.2.1.2.2 Dispersion Modeling Parameters

Radionuclides disperse as a result of atmospheric turbulence. RASCAL 4 makes use of updated
dispersion algorithms that take turbulence parameters and transport time into account. (Ramsdell
etal., 2012).

Horizontal Dispersion

The horizontal dispersion parameter (o) rises in the first hour following a release in direct
proportion to the horizontal turbulence (o,) and the amount of time that has passed since the
release. This is calculated by integrating o, over time, making adjustments for atmospheric

stability. After the first hour, the model shifts to a linear calculation based on travel time, using a
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default speed of 0.2 m/s, which matches experimental results for longer transport times (Gifford,

1982, Ramsdell et al., 2012).

Vertical Dispersion

Vertical dispersion (c,) is influenced by the vertical turbulence component (o), atmospheric
stability, and a time-dependent function that diminishes turbulence's effectiveness over time.
Under neutral and unstable conditions (Pasquill-Gifford classes A-D), vertical dispersion
increases linearly with time. Conversely, under stable conditions (classes E-G), a correction
function slows down the growth rate, using a default turbulence time scale of 50 seconds

(Petersen & Lavdas, 1986, Ramsdell et al., 2012).

Using surface characteristics and meteorological data, the turbulence parameters o, and o, are
dynamically determined. For instance, both o, and o, are modified according to surface friction
velocity (u*) in stable conditions where plume heights are less than 90% of the mixing layer.
Depending on whether the puff is in the lower or upper boundary layer, different equations are
used to derive the parameters in unstable conditions from Monin-Obukhov similarity theory

(Panofsky & Dutton, 1984; Hanna et al., 1982, Ramsdell et al., 2012).

Adjustments of Wind Speeds

Field studies have shown that dispersion is frequently underestimated near structures when wind
speeds are low. To address this, RASCAL 4 improves dispersion parameters (Xy and Xz) by
introducing empirical correction terms that account for increased diffusion not captured by
traditional models. These enhancements grow with increasing travel time and are significant
when wind speeds are below approximately 4 m/s but become negligible at higher speeds or

further distances from the release site (Ramsdell & Fosmire, 1998, Ramsdell et al., 2012).

For elevated releases, RASCAL adjusts wind speed profiles based on release height and
stability. It also accounts for mixing layer thickness, which defines how high released material
can spread vertically. If the plume remains within this layer, it disperses horizontally and
vertically; otherwise, vertical diffusion is limited. RASCAL estimates mixing height using either

real-time or climatological data.
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Stability Classes

Pasquill's stability classes are used by RASCAL to describe the atmospheric factors of
dispersion. These classes change from unstable (A) to stable (G) depending on wind speed, solar
radiation during the day, and cloud cover at night. For example, unstable conditions are
indicated by strong sunlight and low wind, while neutral (D) conditions are often caused by
cloud cover or high wind. Stability can also be estimated using temperature gradients (AT/Az) or

the standard deviation of wind direction.

RASCAL incorporates different methods for classifying stability, including Pasquill-Gifford
tables using observed weather parameters. If stability is not directly provided, RASCAL
estimates it from available meteorological data such as wind speed, time of day, and
precipitation (Ramsdell et al., 2012. Table 3-4 shows the stability classification for RASCAL,

when wind speed and precipitation data are available, if not directly provided.

Table 3-4: Estimated Atmospheric Stability Class used in RASCAL (Ramsdell et al., 2012).

Daytime Nighttime

Wind speed No Precipitation No Precipitation
(m/s) precipitation precipitation

=<2.0 B C F E
2.01t03.0 B C E E

3.01t0 5.0 C D E D

>=5.01 D D D D

3.2.1.2.3 Atmospheric Transport Mechanisms

Atmospheric transport refers to how airborne radioactive materials move from their release point
to surrounding areas. RASCAL 4 includes two transport mechanisms: straight-line modeling and
puff-based modeling. These methods are designed to handle the variability in wind conditions

and the circumstances of material release.

TADPLUME Transport Model

TADPLUME is a straight-line Gaussian model that assumes the wind direction at the time of
release determines the path taken by the radioactive plume. To make calculations easier, wind
directions are rounded to the nearest 10 degrees. One drawback of this model is that it ignores
the amount of time it takes for material to move from its source to its receptor. Dose rates are

therefore computed as though the material arrived at every downwind location simultaneously.
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This means TADPLUME cannot accurately predict when the plume will reach specific locations

or match field measurements of dose rates (Ramsdell et al., 2012).

In situations where the wind speed at the release point drops below 0.447 m/s, TADPLUME
behaves differently. Instead of moving horizontally, the material disperses through turbulent
diffusion. In this case, the arrival time of radionuclides at various receptor locations is
determined by how long it takes for diffusion to reach those points. The model takes into
account radioactive decay and material depletion from both dry and wet deposition by assuming
a specific travel time between the source and the receptor, with updates occurring every five

minutes (Ramsdell et al., 2012).

TADPUFF Transport Model

TADPUFF, which depicts the release as a sequence of distinct "puffs" that vary over time, offers
a more complex and accurate simulation of transport. Unlike TADPLUME, TADPUFF uses
time-varying, two-dimensional wind patterns to track puff movement and directly accounts for
travel time in its computations. Six iterative processes, including wind direction, height, and
speed, are used to update the position of each puff every 15 minutes. This approach increases

accuracy, especially in difficult terrain or when the weather is changing (Ramsdell et al., 2012).

Because TADPUFF maintains each puff separately, it can predict when a plume will reach a
receptor as well as how concentrations and dose rates will alter over time and distance. It also
considers topography by using wind fields generated by a meteorological preprocessor to model

more realistic plume behavior in uneven landscapes. (Ramsdell et al., 2012).

3.2.1.24 Deposition Model:

RASCAL 4 estimates the deposition for iodine and particles using dry and wet deposition
models adapted from MESORAD, incorporating updated algorithms (Scherpelz et al., 1986,
Shipler et al., 1996).

Dry Deposition:
It is computed as the product of the airborne radionuclide concentration and a deposition
velocity that changes according to the weather, surface properties, and radionuclide chemical

form. Aerodynamic, surface, and transfer resistances are all included in the total resistance when
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resistance-based approach is employed in RASCAL (Seinfeld, 1986). Deposition velocities for
gases such as iodine (I,) vary from 0.0021 to 0.016 m/s, based on atmospheric stability and wind
speed. Fine particles, on the other hand, typically have slightly higher deposition velocities.
(Ramsdell et al., 2012).

Wet deposition: Gases and particles are treated separately during wet deposition. For particles,
deposition is based on washout coefficients that relate to the intensity and type of precipitation,
following empirical models (Slinn, 1984). For gases, the wet deposition velocity is determined
by solubility and rainfall rate. Reactive gases like I,, which have high solubility, experience

higher deposition rates, while non-reactive gases are less affected.

Projected doses are significantly impacted by precipitation. Snow and rain can remove
radioactive particles from the plume, lowering airborne concentrations farther downwind and
raising doses of groundshine closer to the source. RASCAL uses intensity to classify
precipitation into three categories: light, moderate, and heavy (e.g., <1 mm/h rain as light rain).
The model uses these inputs to adjust calculations of dispersion and doses accordingly. With a
wet deposition velocity of 2.8 x 10 m/s and a washout coefficient of 0.25 h™'(Ramsdell et al.,
2012) , light rain suggests a comparatively slower rate of particle removal. On the other hand,
moderate rain indicates a more effective removing process with a much higher washout
coefficient of 3.3 h™ and wet deposition velocity of 8.3 x 10* m/s (Ramsdell et al., 2012). This
suggests that the rate at which pollutants from the atmosphere are deposited on the ground is
directly influenced by the intensity of rainfall. The total surface contamination is calculated as
the cumulative deposition from both dry and wet processes over time, excluding noble gases

which do not deposit (Ramsdell et al., 2012).
3.2.1.3 Dose Models

RASCAL estimates doses for three exposure pathways: cloudshine/submersion, inhalation, and
groundshine. It does not compute doses throughout the ingestion route. However, it does
evaluate the radionuclide’s contribution during discharged into the environment in terms of
ingestion route doses.

Cloudshine: RASCAL computes external doses from nuclear accident plumes using both finite

and semi-infinite plume models. As the horizontal dispersion of a plume increases (with oy
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around 400 m), a model known as the infinite-slab or plane-source model is used. This model
divides the plume into horizontal layers to simulate how the dose spreads vertically. When the
vertical extent also becomes large (o, around 400 m) compared to the average gamma path, a
different approach called the semi-infinite cloud model is applied (Ramsdell et al., 2012). This
model assumes a uniform concentration of radioactivity throughout the space and utilizes
updated dose conversion factors from Federal Guidance Report (FGR)-12 (Eckerman & Ryman,
1993).The TADPUFF and TADPLUME modules handle these cloudshine calculations in

slightly different but consistent ways.

Inhalation: For inhalation dose calculations, RASCAL computes organ-committed dose
equivalents and CEDEs from time-varying airborne activity concentrations at a point over 15-
minute intervals using radionuclide-specific dose conversion factors and breathing rates
(Eckerman et al., 1988; International Commission on Radiological Protection (ICRP), 1991). In
particular, it computes acute bone marrow, lung, and colon doses, thyroid CDE, and adult
inhalation CEDE. If the ICRP-60 inhalation dose conversion factors are chosen, it also
determines the thyroid dose of iodines for a child aged one. The program includes updated dose
factors reflecting the latest [CRP recommendations and extends dose calculations to 50 years,

covering both early and intermediate phases of exposure (Ramsdell et al., 2012).

Two sets of inhalation dose conversion factors from ICRP-26/30 (FGR 11) and ICRP-60/72
(FGR 13) are included in RASCAL 4.3 in (Eckerman & Leggett., 2002). Commonly, the
uncertainties in the source term and dispersion are much larger than the variations in CEDE dose
conversion factors. The total CEDE doses are reduced by roughly 29% when the ICRP-60/72
dose conversion factors are used instead of the ICRP-26/30 dose conversion factors. The
thyroid dose conversion factors vary more. Overall, the thyroid dose potential is reduced by
roughly 3% when switching from ICRP-26/30 to ICRP-60/72 dose conversion factors (Ramsdell
et al., 2012). If RASCAL 4.3 dose calculations are to be used to assess recommendations
regarding the administration of KI, then the ICRP-60/72 inhalation dose conversion factors must
be applied. The thyroid dose of children is the basis for the EPA PAGs associated with KI.
Child thyroid dose conversion factors are not included in ICRP-26/30. The activity inhaled
during plume passage is the source of the inhalation doses during the early stages of an accident.
Groundshine: RASCAL is used to calculate groundshine doses resulting from nuclide activity

deposited on the ground. It corrects for radioactive decay and the growth of new isotopes since
(41]



Chapter 3 Theoretical Aspects of Atmospheric Dispersion and used CODES

the time of deposition. Groundshine doses are calculated by aggregating radionuclide-specific
surface contamination, adjusted with dose conversion factors and a surface roughness factor to
better reflect environmental conditions. The model tracks contamination over time, taking into
account both radioactive decay and in-growth for the first four days following deposition
(Eckerman et al., 1993).

Ingestion RASCAL only deals with ingestion doses in the context of determining the relative

importance to ingestion dose of nuclides released to the environment.

Intermediate Phase Dose: Using the STDose and FMDose modules, RASCAL 4 computes
intermediate-phase doses for comparison with the EPA's PAG Manual (US EPA, 2017). Based
on ground contamination that remains after the early phase, it calculates doses for the first year,
second year, and more than 50 years after a release. These values account for radioactive decay,
in-growth, weathering, and re-suspension. During the intermediate phase, inhalation doses are
derived from re-suspended deposited activities. Early phase inhalation doses are often several
orders of magnitude higher than intermediate phase inhalation doses. Intermediate phase
groundshine doses are calculated similarly to early phase groundshine doses, with the addition

of a factor that compensates for activity diminished with time.
3.2.2 HotSpot CODE

HotSpot is a health physics modeling tool designed to quickly assess the radiological effects of
releases of nuclear or hazardous materials. It provides an initial estimate of radiation impacts
following short-term radioactive material releases, which typically last less than a few hours and
occur within a 10-kilometer radius. The HotSpot atmospheric dispersion model is particularly
effective for near-surface releases in flat terrain and under simplified weather conditions.

(Homann & Aluzzi, 2020).
3.2.2.1 Dispersion Process

The Gaussian plume method, an established approach for simulating the spread of pollutants in
the atmosphere, serves as the foundation for the model. This method, which is based on the
assumption that pollutant concentrations follow a normal distribution both vertically and across
wind directions, has been thoroughly validated through experiments and regulatory applications

(Pasquill, 1974; Hanna et al., 1982; Homann & Aluzzi, 2020).
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In the HotSpot modeling framework, the Coordinate System where it is centered at ground level
directly below the release point of radionuclides, with coordinates (x = 0, y = 0, z = 0). The
downwind direction, horizontally aligned with the dominant wind, is represented by the x-axis.
The direction of the crosswind is indicated by the y-axis, which also extends horizontally but
perpendicular to the x-axis. From the ground, the z-axis extends vertically upward. When the

radioactive plume hits the ground, it reflects off the surface and travels downwind.

Using Gaussian equations and adjusting for vertical atmospheric mixing, HotSpot determines
time-integrated air concentrations (equation 3.3 and 3.4). Vertical dispersion is restricted in the
presence of a temperature inversion. HotSpot switches between open and limited dispersion
regimes via interpolation if the plume height surpasses 70% of the inversion layer (Homann &

Aluzzi, 2020).

C(x,y,z,H) = Zmigzu exp [— % (Gly)z] {exp [— % (%)2] + exp [— % (%)2]} exp [— %x] DF(x).(3.3)
C(x,y,z,H) = \/(anayw p [—%(Uly) ]exp [— —] DF(X) ettt eeeeeeee e e (3.4

Where C = Time-integrated atmospheric concentration (Ci-s)/(m*), Q = Source term (Ci), H =
Effective release height (m), A= Radioactive decay constant (s '), x = Downwind distance (m), y
= Crosswind distance (m), z = Vertical axis distance (m), o, = Standard deviation of the
integrated concentration distribution in the crosswind direction (m), ¢, = Standard deviation of
the integrated concentration distribution in the vertical direction (m), u = Average wind speed at
the effective release height (m/s), L = Inversion layer height (m), DF(x) = Plume Depletion

factor.

HotSpot includes calculations for effective release height, taking into account both buoyancy
and exit velocity, which decreases ground-level concentration. This adjustment helps avoid
overestimating exposure at receptor locations by modeling the upward movement of the plume

before horizontal dispersion.
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3.2.2.2 Dispersion Coefficients and Surface Roughness:

Dispersion coefficients (o, and o,) in HotSpot are determined using Pasquill and Briggs
formulations based on experimental data. HotSpot differentiates between standard terrain, which
has a roughness height of 3 cm, and urban terrain, which increases turbulence and dispersion.
The surface roughness impacts vertical dispersion, and correction factors are applied when the
roughness exceeds the standard terrain assumption. However, since these factors are already
incorporated into its parameters, no extra corrections are required for urban terrain (Homann &

Aluzzi, 2020).

Although HotSpot's formulas are verified for up to 30 kilometers, the tool can be used for up to
200 kilometers with caution because its dependability decreases with distance. (Homann &

Aluzzi, 2020).

Wind Speed Adjustment with Height: Pollutant dispersion in the atmosphere is influenced by
wind speed, which typically rises with altitude. In HotSpot, the model uses a power-law
relationship (equation 3.5) to modify wind speed when the release height rises above 2 meters.
More realistic plume behavior results from this adjustment, which accounts for the vertical wind
profile, especially for elevated or buoyant releases (Homann & Aluzzi, 2020).

UH)= UZ)H/Z) . oo, (3.5)
Where, U(z) = wind speed (m/s), at reference height z (m), H = effective release height (m)
U(H) = wind speed (m/s), at height H (m), p = factor depends on stability class and terrain type

Atmospheric stability: In HotSpot, users have the option to manually choose atmospheric
stability or base it on regional factors like wind speed and solar radiation. The stability classes
go from A to G. Class G denotes extremely stable conditions, which are usually found at night

with little wind.

Sampling Time: For short-term releases, HotSpot's default plume duration of 10 minutes is
appropriate. With the exception of situations involving explosive releases, users can modify this
time to suit their specific situation. Concentration calculations are impacted by sampling time;

shorter sampling times record rapid concentration changes, whereas longer sampling times
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average out these variations, producing lower peak concentration values (Homann & Aluzzi,

2020).
3.2.2.3 Deposition and Plume Depletion:

Dry Deposition: HotSpot accounts for dry deposition using two standard velocities: 0.3 cm/s for
respirable particles (diameter <10 um) and 8 cm/s for larger, non-respirable particles), following
empirical comparisons with National Atmospheric Release Advisory Center (NARAC) ( Hanna
& Britter, 2002). The model accounts for the removal of pollutants by turbulence, impaction,

and chemical processes. Users can modify default settings for chemically reactive substances.

Plume Depletion: HotSpot reduces airborne concentrations according to distance and
deposition rate using a source-depletion factor derived from Van der Hoven's formulation (Van
der Hoven, 1968). When assessing long-distance transportation and possible environmental
contamination, this component is particularly crucial (Homann & Aluzzi, 2020). HotSpot makes

use of the source-depletion factor equation of 3.6.

DF (x) = |exp fox L

wsep [3(51e) |
Where DF(x) = Depletion factor, (dimensionless), x== Downwind distance (m), v= Deposition
velocity (cm/s), u= average wind speed (m/s) at the effective release height, H= Effective release
height, 6,(x) = standard deviation of the vertical air concentration distribution (z axis) for either

standard terrain (adjusted for surface roughness height if applicable) or city terrain.

Wet Deposition: Wet deposition consists of two main processes: Rainout, which is the removal
of particles that occur within clouds, and Washout, which is the removal of particles occurring
below clouds. In HotSpot, these two processes are combined into a single removal mechanism.
When wet deposition is activated, the concentration of radionuclides decreases exponentially
with precipitation (equation 3.7) (Homann & Aluzzi, 2020) as follows:

C(X,Y,2)= C(X,T,2) e, (3.7)
where, C’: radionuclide concentration (Ci/m?), A: washout coefficient (s™') and u: average wind

speed (m/s). Table 3-5 presents the typical washout coefficients by rain rate used in HotSpot.
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Table 3-5 Typical washout coefficients by rain rate used in HotSpot (Homann & Aluzzi, 2020)

Rain Rate (mm/hr)|Coefficient (s™')
0.5 0.0001
1.0 0.0002
5.0 0.0006
10.0 0.0010
15.0 0.0013
20.0 0.0017
25.0 0.0020

Ground Shine: Radionuclides that settle on the ground can expose people through direct
radiation (referred to as ground shine) or by becoming airborne again (a process known as

resuspension). HotSpot calculates ground shine assuming a flat surface.
3.2.2.4 HotSpot Dose:

HotSpot relies on five key parameters to estimate radiation doses downwind: 1) Material at Risk
(MAR), 2) Damage Ratio (DR), 3) Airborne Release Fraction (ARF), 4. Leak Path Factor (LPF),
5) Respirable Fraction (RF). They are combined to calculate downwind concentrations and dose
estimates, taking into account the depletion of the source, atmospheric dispersion, and
deposition effects for radiological safety analysis. The relative biological effectiveness (RBE) of
various radiation types is taken into account by HotSpot when calculating the RBE-weighted
absorbed dose, particularly for deterministic effects during early exposure periods. It is
expressed in rad-equivalent or gray-equivalent. HotSpot offers two calculation modes that
follow ICRP guidelines: 1. FGR-11 Option: Utilizes ICRP Publication 30 (the older lung
model), along with ICRP-26 weighting factors 2. FGR-13 Option: Uses ICRP Publications 60
and 66 (the newer lung model), updated tissue weighting factors (Homann & Aluzzi, 2020).

3.2.3 HYSPLIT CODE

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al.,
2015), developed by the National Oceanic and Atmospheric Administration's (NOAA) Air
Resources Laboratory (ARL), is a popular tool for simulating how pollutants disperse and
deposit in the atmosphere (Draxler et al., 2018). HYSPLIT functions as a 3-dimensional particle
or puff model that uses variable meteorological data to track the movement of gases and aerosols

in the atmosphere.
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Users can create multiple concentration grids, each with specific time, horizontal, and vertical
resolutions, which can operate independently of the meteorological grid. This flexibility allows
for effective tracking of pollutant levels and deposition patterns over time and different locations
(Draxler & Hess, 2015). Compared to conventional Gaussian plume models, HYSPLIT is
especially helpful for modeling complex environmental conditions because it accounts for
important atmospheric factors like wind shear, terrain effects, surface roughness, and

atmospheric stability in addition to wind in both horizontal and vertical directions.

From straightforward air parcel trajectories to complex scenarios involving dispersion and
deposition, the model supports a wide range of simulation types. A fixed number of particles,
the puff method, or a hybrid approach is the options available to users for dispersion modeling.
By treating pollutants as both vertical and horizontal puffs, the hybrid approach preserves the
spatial benefits of horizontal puff dispersion while increasing the accuracy of vertical dispersion

(Draxler & Hess, 2015).

HYSPLIT effectively simulates the distribution of pollutants under various weather conditions
by combining elements of the Eulerian and Lagrangian modeling frameworks. Numerous
vertical coordinate systems, including pressure-sigma, absolute pressure, terrain-sigma, and
mixed configurations, are supported by it, along with a variety of other meteorological data
formats. Better integration of atmospheric data is made possible by this flexibility. The
characteristics of pollutant species, emission rates, grids of meteorological data, and user-

defined deposition regions are important input parameters.

A number of variables, such as data resolution, turbulent kinetic energy, vertical atmospheric
profiles, and meteorological fluxes, can influence the model's results. Additionally,
environmental aspects like seasonal weather variations, topography, and rainfall patterns have a
significant impact on dispersion results (Draxler & Hess, 2015). Consequently, HYSPLIT is a
powerful and versatile tool for atmospheric dispersion modeling, especially useful for

emergency response, air quality forecasting, and radiological dose assessments.

Even with the same meteorological inputs, Draxler et al. (Draxler et al., 2015) discovered that
different Atmospheric Transport and Dispersion Modeling (ATDMs) yielded different

deposition results. Although the optimal deposition model did not always work best for air
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concentration, smoother deposition patterns were generally more accurate. While detailed
precipitation data had minimal impact, high-resolution mesoscale data increased model
accuracy. For both metrics, the most accurate results were obtained using ensemble averages.
When Connan et al. (Connan et al., 2013) compared HYSPLIT, RIMPUFF, and ADMS, they
discovered that HYSPLIT and RIMPUFF produced more accurate results, whereas ADMS

underestimated radioactive concentrations.
3.2.3.1 Trajectories and Air concentration Calculations

HYSPLIT models based on focusing on three main processes: advection by the wind, turbulent
diffusion, and estimating atmospheric concentrations. It calculates the paths of particles by
integrating wind data over both space and time. Turbulent transport is represented by adding

random variations to the mean wind speed across three dimensions (Challa et al., 2008).

The movement of each particle or puff primarily depends on advection. This is determined by
averaging the wind velocity vectors at the starting point, P (t), and the estimated point, P'(t+At)
The velocity vectors are linearly interpolated in both space and time, with the initial position
defined by equation 3.8 (Draxler & Hess, 1998).

P'(t 4+ At) = P() VP, DAL o (3.9)
and the final position is P(t + At) = P(t) + 0.5[V(P, t) +V(P', t + At)]JAt ..., (3.9)
After determining the wind velocities at a specific time step, the path of each released particle is

calculated using a small time interval At, representing the Lagrangian step.

To describe how puffs and particles disperse, the model uses equations that include turbulent
velocity components based on turbulent diffusivities. In this particle-based approach, dispersion
is simulated by adding a turbulence-induced velocity to the mean wind speed obtained from
meteorological data. This method can be applied in vertical, horizontal, or combined directions.
After calculating the new position of the particle through wind advection at each time step, the
new position of particles or puffs has computed by adding the turbulent component to the mean

position (X) and (Z) (Draxler & Hess, 1998), as expressed in equation 3.10 and 3.11

respectively.
Xiinat(t + At)= Xinean (£ AT Ut + ADAL G (3.10)
Ziinat(t + At) = Zinean(t + AT W't + ADAL Z oo (3.11)
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The horizontal and vertical positions are expressed in grid and sigma coordinates, respectively,
while the turbulent velocity components are measured in m/s. The constants G and Zi,, are used
for unit conversion. The final particle position is calculated by adding the horizontal (U') and
vertical (W') turbulent wind components to the mean position. This updated position serves as
the starting point for advection in the next time step. If a particle reaches the ground or the top of
the model domain, it is fully reflected. The time step for integration is determined by ensuring
that the change in the vertical extent of the plume remains within a specified limit (Draxler &
Hess, 1998).

A= (AZ) 1 (8007 ThLit et e, (3.12)

Where o,,” vertical velocity variance and T, Larangian time scale.

In the particle-based model, the air concentration (C) is calculated by adding the mass (m) of all
3D particles within a grid cell at each time step. This total is then divided by the volume of the
cell, which is determined by its dimensions in the x, y, and z directions. The concentration
distribution by each puff of mass (m) to a grid point, increase according to equation 3.13
(Draxler & Hess, 1998).

AC = I(AXAYAZY oo e, (3.13)

To simplify calculations, total pollutant removal through dry and wet deposition is expressed
using reciprocal time constants. The mass (m) of a particle or puff is reduced based on these
processes. The model accounts for different types of deposition, including dry deposition (Bary ),

wet gas removal (Bgas ), in-cloud (Binc), and below-cloud (Byer) particle removal (Draxler & Hess,

1998). Dwet+drey = m{l— exp[—At(Bdry + Bgas + Binc + Bbel ]} ....................................... (3.14)

While decay itself does not cause deposition, radioactive materials that have already been
deposited will continue to decay. Thus, the model adjusts deposited mass for radioactive decay
at every time step. The decay constant is derived from the radionuclide’s half-life (Ty,,) and is
defined BY Brag = 10 2 /T /0 e i e (3.15)
The updated mass of the pollutant—whether in the air or deposited—is then computed using the
decay relationship (Draxler & Hess, 1998).

M) = M| EXP(PradAl) ettt (3.16)

where m; is initial mass and m, is the new mass.
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Beyond the core trajectory and dispersion model, HYSPLIT includes nearly 100 additional
tools for pre- and post-processing. These utilities help prepare input data before running
simulations and allow for processing or visualizing results afterward, including converting
outputs into PostScript images. A typical HY SPLIT simulation framework is shown in Figure 3-
2. The setup starts with a CONTROL file, which defines the main simulation parameters, and a
NAMELIST file (commonly called SETUP.CFG), which explains these parameters and allows
adjustments to the model’s physical settings. A gridded meteorological dataset is also needed to
simulate dispersion and deposition. HY SPLIT produces air concentration and deposition results
in binary format (big-endian), which can then be post-processed using tools to extract
predictions for specific locations (CON2STN), create concentration or deposition maps
(CONCPLOT), or convert the data into radiological dose estimates (CON2REM) (Faisal &
Islam, 2025*).

INPUT DISPERSION Ty POST-PROCESSING
FILES MODEL FILES PROGRAM
CONTROL
SETUP —>
METEOROLOGY
HYSPLIT |::"> Air Concentration CONCPLOT
and
Deposition —
CON2STN
CON2REM

Figure 3-2: Computational frameworks in HY SPLIT simulation (Faisal & Islam, 2025).
3.3 Comparative dispersion models for present study

Table 3-6 summarizes key atmospheric dispersion models and their applications in present
study used codes. The Gaussian plume model uses basic surface meteorological data and is
widely applied to estimate concentrations from continuous releases over flat, homogeneous
terrain, as implemented in HotSpot. The Gaussian puff model uses similar inputs but better

represents time-varying meteorological conditions and short-term releases, making it suitable for

* Article published from this thesis
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mesoscale applications, although it performs poorly under strong wind shear; RASCAL is a
common example where Gaussian plume model is also applicable in near field. The particle

trajectory model incorporates atmospheric stability, wind, and turbulence data and is well suited

for dispersion over complex terrain, with HY SPLIT being a widely used code.

Table 3-6: Comparative dispersion models in present study used codes

Model Type Input data | Application | Remarks Codes
needed
Gaussian | Combined Surface Point, area, Widely used HotSpot
Plume meteorolog | wind speed, | volume
Model y direction, source Gives concentration
and insolation, estimates for
diffusion cloud cover continuous releases
Model over homogeneous
terrain
Gaussian | Dispersion | Surface Dispersion Used in mesoscale
puff model wind speed, | under time Models RASCAL
Model direction, varying
insolation, meteorologi | Better than Gaussian | (also
cloud cover | cal plume model for includes
conditions, time varying Gaussian
continuous meteorology. plume
short term model in
releases Not satisfactory the near
under strong wind field)
shear
Particle Dispersion | Atmospheri | Dispersion Used in mesoscale
trajectory | model c stability, over Models HYSPLIT
model wind and Complex
turbulence terrine Good for complex
data terrain
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4.1

Figure 4-1 illustrates the overall framework and schematic of the modeling and computational

CHAPTER 4.
METHODS

Workflow of the present study

procedure adopted in this work, with additional details in the following subsections.
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Figure 4-1: Workflow diagram of Radiological Doses and EPZ assessment.
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The study is divides into three main parts.
e Consequences Analysis of LTSBO events (Part-A)
e Assessment of Emergency Planning Zones (Part-B)

e Consequences Analysis during Routine Operation (Part-C)

Each part covers: the relevant input technical parameters of the VVER-1200 reactor, the
different computational tools (i.e., RASCAL, HotSpot, and HYSPLIT codes) that are used
Accident scenarios and assumptions, Source terms of the events, Site-specific meteorological
data, Atmospheric dispersion models. The APPENDIX B discusses the simulated site (Rooppur

NPP) current state and geographical location.

4.2 PART- A: Consequences Analysis of LTSBO events

The following aims are set to simulate hypothetical BDBA INES Level 6 and 7 LTSBO events
using the RASCAL 4.3 code (Ramsdell et al., 2012; Ramsdell et al., 2015), HotSpot 3.1.2
(Homann & Aluzzi, 2020) and the HYSPLIT Codes under dry and wet meteorological
conditions. RASCAL code is used to model accident scenarios, calculate source terms, and
perform radiological dose assessments. The source term generated by RASCAL serves as input
for HotSpot and HYSPLIT, enabling a comparative analysis of results from both codes under

similar conditions.

(a) Assessment of Radiological Consequences from Severe Accidents

e To compare the radiological impact of accident scenarios with and without the function
of Passive ECCS.

e To calculate the TEDE and their contribution with time-delayed effects of three
exposure pathways: cloudshine, inhalation, and 4-day groundshine.

e To analyze the spatial distribution of airborne radionuclide concentrations and ground
deposition of released radionuclides under varying accidental cases and weather
conditions.

e To analyze long-range atmospheric transport effects, taking into account topographical
complexity, vertical wind shear, and seasonal fluctuations using the 3-D HYSPLIT
dispersion model.

(b) Verification of Modeling Results and Sensitivity Analysis
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e (Compare RASCAL and HotSpot models with the same source terms to identify
discrepancies in dose and dispersion predictions.

e To assess the effectiveness of protective measures—evacuation, sheltering-in-place,
and KI administration—based on dose thresholds from the IAEA GSR Part 7 (IAEA,
2015a), Bangladesh's NNREPRP (MOST, 2020), and the PAG manual (U.S.
Environmental Protection Agency (EPA), 2017).

e To perform the HYSPLIT model sensitivity through various input parameterizations.

4.2.1 Technical Parameters of the VVER-1200 Reactor used in RASCAL Simulation

Table 4-1 provides technical information on the Rooppur VVER-1200 reactor for the RASCAL
4.3 computations. In addition of this, the Rooppur site incorporates essential components and

advanced safety systems, as outlined in APPENDIX C.

Table 4-1: Technical parameters of VVER-1200 reactor for RASCAL simulation (Faisal et al.,
2023").

Reactor power 3,212 MWy, (IAEA, 2011)

30,000 MWd/MTU (Rascal default)
(Ramsdell et al., 2012)

Average burn-up in the reactor core

Primary containment type PWR Dry Ambient

Primary containment volume 7.08E+4 m’

Design pressure of primary containment | 5.09E+4 kgf/m”* (IAEA, 2011)
Design leak rate 0.2 volume % /day (IAEA, 2011)

2.36E+05 kg (Calculated based on Rascal typical
PWR for 3212 MWy,) (Ramsdell et al., 2012)
Number of fuel assemblies in the core 163 (JAEA, 2011)

Steam generator shape U-type

42,184 kg (Rascal default)

(Ramsdell et al., 2012)

Primary containment height 42.2 meters (IAEA, 2011)

Primary coolant mass

Steam generator water mass

4.2.2 Accidental Release Scenarios

The Rooppur NPP of the VVER-1200 reactors is designed with safety features like active or
passive ECCSs, containment systems, and core catchers to accident management. However, the
performance of the passive heat removal system and core melt retention function of the VVER-
1200 reactor might be impaired by various failure modes of passive safety systems-such as

reduced heat exchange efficiency, diminished heat convection, valve blockages, corrosion, and

* Article published from this thesis
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impurities (Burgazzi, 1998). Furthermore, the limited information in the open literature on the
behavior of the core catcher under dry and wet conditions creates uncertainty about its
effectiveness. Although the design includes additional technical measures in response to
Fukushima accident- to improve stability and operational independence during BDBA (Asmolov
et al., 2017), a severe earthquake or internal flooding could initiate a postulated event. Such an
event may lead to both loss of offsite power and residual heat removal in the VVER-1200
reactor at the Rooppur site. So, the LTSBO event considered in this study could result from a

sequence of more extensively severe events than those occurred at Fukushima.

In the LTSBO accident, both offsite power and all four emergency diesel generators (EDG) are
lost with the reactor shut down. This stops the feed-water supply to the steam generators (SG),
trips the reactor coolant pumps (RCP), and initiates a reactor scram. As the SG drains, the
primary coolant heats up, increasing pressure and potentially leading to core damage without
intervention. Table 4-2 outlines six LTSBO accident cases and key input parameters for
RASCAL simulations of the events. It is assumed that the LTSBO occurred in one unit of the
RNPP in six cases. The reactor core was uncovered for 3 hr in the first three cases and 10 hr in
the second three cases. Based on Table 2-9 of NUREG-1940 Supplement 1 presented in the
previous chapter on Table 3-1 (Ramsdell et al., 2015), the 3-hr and 10-hr uncovered reactor core
scenarios on Table 4.2 corresponds to 42.85% and 100% of core melt respectively for PCM and
CCM. They are respectively identified as partial core melt (PCM) and complete core melt
(CCM) for 3 hr and 10 hr uncovering time. In Case PCM_7c, the operator opens the pressurizer
primary side depressurization and the emergency gas removal system valves, reducing primary
pressure and allowing water to be supplied from the accumulators of the passive ECCS. After 24

hr, these systems failed, causing coolant to boil away.

For PWR-like VVER-1200 reactors, RASCAL assumes a boil-off time of 8 hr (Ramsdell et al.,
2015). Radioactive materials are contained in the reactor pressure vessel and containment for 24
hr in the PCM_7c and CCM_6b cases, respectively. The radioactive leakage in these two cases
started (8+24)=32 hours after reactor shutdown. In contrast, it happened after 8 hr in other cases.
Containment pressure increased as a result of containment sprays failing in all cases.
Radioactive materials were released into the environment through the containment at leakage
rates of 0.2% per day (design leakage rate) in CCM_6a case and 3% per day in the other five

cases. The sprays were activated after 3 hr in PCM cases and after 10 hr in the CCM cases;
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subsequently, the core was recovered.

Methods

RASCAL does not fully account for specific advanced engineered safety features, such as the

core catcher and passive safety system, of the VVER-1200 in accident scenarios, making highly

severe cases, even though their likelihood is extremely low.

Table 4-2: RASCAL input parameters for six accident cases.

Accident Stage Partial Core Melt (PCM) Complete Core Melt (CCM)
(42.85%) (100%)
INES Level7 | Level7 | Level7 | Level 6 | Level 6 | Level 7
(Detailed in Section 5.1)
Case ID PCM_ PCM _ PCM_ CCM_ | CCM_ CCM_
7a 7b 7c 6a 6b Tc
ECCS available No No 24 hr No No No
Reactor Uncovered for 3hr 3hr 3hr 10 hr 10 hr 10 hr
Radioactive material in 0 hr 0 hr 0 hr 0 hr 24 hr 0 hr
containment for release
Environment release 8 hr 8 hr 8hr+24h 8 hr 8hr+24h & hr
start after shutdown r r
Sprays during release off off off off off off
start
Sprays On after 3 hr 3 hr 3 hr 10 hr 10 hr 10 hr
Leak rate 3.0 3.0 3.0 0.2 3.0 3.0
(volume % per day
Release 10 m 30 m 30 m 10 m 10m 10 m
height/containment leak
location
End of Calculation at Start of release +24 hr

4.2.3 'Weather Scenarios

4.2.3.1 Regional Meteorological Characteristics

In the Rooppur region and Bangladesh in general, the seasonal air temperature fluctuates just
slightly from season to season, with rainfall serving as the primary determinant of when each
season begins and finishes. In this study two distinct seasons were taken in account: the dry
season (September/October to April/May), characterized by the absence of rain, and the wet

season (May/June to September/October) marked by rainfall.
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The average mean hourly wind speed at 10 meters above ground at the closest weather station,
Ishurdi, which is 10 kilometers from the Rooppur NPP site, is shown in Figure 4-2. The
statistical study of historical hourly weather reports and model reconstructions covering
meteorological data from January 1, 1980, to December 31, 2016 produced this wind speed data
(Average-Weather-in-Ishurdi-Bangladesh Year-Round#Figures-Summary, 2023). It also includes

the 25™ to 75" and the 10™ to 90™ percentile bands (Faisal et al., 2025).

windy
6 m/s S
5t n/s
Jun 27
42 m/s
4 mis 4 mfs
Apr 14 Sep 7
3.2 ml! 32 mis
o ’_,_// Oct 24 -
21ms __——
mis 2 mis
Tm 1 m/s
m/s 0 mis

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Average hourly wind speed
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

WwWind Speed

25 26 2.8 3.2 3.6 4.1 4.0 3.6 29 22 22 24
(m/s)

WeatherSpark.com

Figure 4-2: Individual 12 Months average of mean hourly wind speed (solid line) with 25Mt0
75" and 10" to 90™ percentile bands and monthly mean wind speed in Ishuardi
station (Average-Weather-in-Ishurdi-Bangladesh-Year-Round#Figures-Summary,
2023) (Faisal et al., 2025°).
Figure 4-2 indicates that the windiest period spans from April 14 to September 7, with average
wind speeds surpassing 3.2 m/s. In contrast, the calmer season lasts from September 7 to April
14. June records the highest average hourly wind speed at 4.1 m/s, while October and November

are the calmest months, with wind speeds averaging 2.2 m/s (Faisal et al., 2025°).

Since rainfall is a key driver of seasonal variation, data from the Bangladesh Meteorological
Department’s Ishurdi station (1981-2010) (Khatun et al., 2016), summarized in Table 4-3, show
the distribution of dry and wet days across different rainfall categories throughout the year. Dry

days dominate from November to March (90-97%), with December having the lowest

* Article published from this thesis
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proportion of rainy days (2.7%). Conversely, wet conditions prevail from May to September,
peaking in July when about 65% of the days experience rainfall. In Ishurdi, as in Bangladesh, no
snow is observed yearly, with only rain contributing to precipitation (Faisal et al., 2025).
RASCAL defined three equivalent precipitation types based on hourly rainfall: light rain, rain,
and heavy rain. The last column of the table represents RASCAL's classified three equivalent

precipitation types.
4.2.3.2 Developed FORMULA for Sampling Data of Wind Speed and Precipitation Type

RASCAL’s meteorological data processor enables users to input weather data and format it for
use in atmospheric transport and diffusion modeling. To run simulations, the program requires
key parameters such as wind speed, wind direction, release timing (day or night), and
precipitation type. For this study, thirty weather scenarios were randomly generated for each
month using wind speed and rainfall data specific to the Ishurdi region (Faisal et al., 2025).
Wind speeds for these scenarios were sampled from the assumed normal distribution ranges
presented in Figure 4-2. Table 4-4 shows the month-wise wind speed data for the Monte Carlo
random sampling wind speed FORMULA and precipitation type distribution CONDITIONAL
FORMULA, respectively, based on the historical wind speed of Figure 4-2 and the historical
rainfall data of Table 4-3 at the Ishurdi region Rooppur site for 360 weather scenarios. Wind
speed is computed using mean and standard deviation [(95 percentile values - mean)/2] data

from Figure 4-2 of each months.

* Article published from this thesis
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Table 4-3: Frequency and percentage of dry and rainy days by rainfall ranges over 12 months of 30 years (1981-2010) in Ishurdi (Khatun et al.,
2016; Faisal et al., 2025*).

. RASCAL
Rainfall Total | Equivalent
(mm) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec ota quivaien

er day days Precipitatio
p n type
Dry 893 777 832 727 593 472 321 416 434 713 854 905 | 7937 No
days (96%) | (91.8%) | (89.6%) | (80.9%) | (63.8%) | (52.8%) | (34.6%) | (44.8%) | 48.2%) | (76.8%) | (95%) | (97.3%) | (72.6%) | precipitation
1-10 31 45 56 91 167 232 349 311 241 136 32 18 1709
(4% | (53%) | (6.0%) | (10.1%) | (18%) | (26.0%) | (37.6%) | (33.5%) | (26.8%) | (14.7%) | (3.5%) | (2.0%) | (15.6%) | Light rain
1122 5 18 29 47 82 85 128 113 108 34 6 3 658 (< 1 mm/h)
(05%) | 22%) | B.1%) | (52%) | (8.8%) | (9.5%) | (13.8%) | (12.2%) | (12.0%) | (3.7%) | (0.7%) | (0.3%) | (6.0%)
3343 1 6 11 24 61 64 82 57 63 26 5 3 403
(0.1%) | (0.7%) | (1.2%) | 2.79%) | (6.6%) | (712%) | (89%) | (6.2%) | (7.0%) | (2.8%) | (0.6%) | (0.3%) | (3.4%)
44.88 1 9 26 35 39 27 41 14 2 1 195 Rain
(0.1%) | (1.0%) | (2.8%) | (3.9%) | (4.2%) | (2.9%) | (4.5%) | (1.5%) | (0.2%) | (0.1%) | (1.8%) | (1 -5mm/h)
$9-99 1 3 5 2 11
0.1%) | (0.3%) 0.6%) | (0.2%) (0.1%)
1 5 6 4 8 2 26
100-199 (0.1%) (0.5%) | (0.6%) | (0.4%) | (0.9%) | (0.2%) (0.2%) ﬁfﬁvy
1 1
200-299 (0.1%) 0.01%) | (7> mm/h)
Total 930 846 929 899 929 894 928 928 900 928 899 930 | 10,940
days (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%) | (100%)

* Article published from this thesis
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Table 4-4: 12 Months wind speed data for Monte Carlo Random Sampling wind speed FORMULA and Precipitation type distribution
CONDITIONAL FORMULA for 360 weather scenarios for Rooppur site.

Wind speed (m/s) Precipitation type
Month 95 Mean, | Standa Monte Carlo Random
percen R rd random sampling | values (0-1) CONDITIONAL FORMULA
tile Deviati for rainfall
wind on,
speed c
Jan 3.5 2.5 0.50 =NORMINV(RAN ‘R>= =IF((AND(R>=0.96,R<=0.998)),"light",IF(AND(R>0.998,R
D(),2.5,0.5) RAND() <=1),"moderate","No Precipitation"))
Feb 3.8 2.6 0.6 =NORMINV(RAN ‘R’= =IF((AND(R>0.918,R<=0.993)),"light",IF(AND(R>0.993,R
D(),2.6,0.6) RAND() <=1),"moderate","No Precipitation"))
Mar 4.5 2.8 0.85 =NORMINV(RAN ‘R’= =IF((AND(R>0.896,R<=0.987)),"light", IF(AND(R>0.987,R
D(),2.8, 0.85) RAND() <=1),"moderate","No Precipitation"))
Apr 5 3.2 0.9 =NORMINV(RAN ‘R’= =IF((AND(R>0.809,R<=0.962)),"light", IF(AND(R>0.962,R
D(),3.2,0.9) RAND() <=0.999),"moderate",IF(R>0.999,"Heavy","No
Precipitation")))
May 5.6 3.6 1.0 =NORMINV(RAN ‘R’= =IF((AND(R>0.638,R<=0.906)),"light", IF(AND(R>0.906,R
D(),3.6,1.0) RAND() <=1),"moderate","No Precipitation"))
Jun 6.4 4.1 1.15 =NORMINV(RAN ‘R’= =IF((AND(R>=0.528,R<=0.883)),"light",IF(AND(R>0.883,
D(),4.1,1.15) RAND() R<=0.995),"moderate",IF(R>0.995,"Heavy","No
Precipitation")))
Jul 5.9 4 0.95 =NORMINV(RAN ‘R’= =IF((AND(R>0.346,R<=0.86)),"light",IF(AND(R>0.86,R<=
D(),4,0.95) RAND() 0.996),"moderate",IF(R>0.996,"Heavy","No Precipitation")))
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Aug 54 3.6 0.9 =NORMINV(RAN ‘R’= =[F((AND(R>0.448,R<=0.905)),"light",IF(AND(R>0.905,R
D(),3.6,0.9) RAND() <=0.996),"moderate",IF(R>0.996,"Heavy","No
Precipitation")))
Sep 4.6 2.9 0.85 =NORMINV(RAN ‘R’= =IF((AND(R>0.482,R<=0.87)),"light",IF(AND(R>0.87,R<=
D(),2.9,0.85) RAND() 0.991),"moderate",IF(R>0.991,"Heavy","No Precipitation")))
Oct 3.5 2.2 0.65 =NORMINV(RAN ‘R’= =IF((AND(R>0.768,R<=0.952)),"light", IF(AND(R>0.952,R
D(),2.2,0.65) RAND() <=0.997),"moderate",IF(R>0.997,"Heavy","No
Precipitation")))
Nov 33 2.2 0.55 =NORMINV(RAN ‘R’= =IF((AND(R>0.95,R<=0.992)),"light",IF(AND(R>0.992,R<
D(),2.2,0.55) RAND() =1),"moderate","No Precipitation"))
Dec 34 2.4 0.5 =NORMINV(RAN ‘R’= =IF((AND(R>0.973,R<=0.996)),"light", IF(AND(R>0.996,R
D(),2.4,0.5) RAND() <=1),"moderate","No Precipitation"))
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4.2.3.3 Generated Weather Scenarios for RASCAL and HotSpot Simulation

According to Table 3.4 FORMULA, a total of 360 scenarios (30 per month across 12 months)
were developed to represent the potential weather conditions at the Rooppur site throughout the
year, as detailed in APPENDIX-D. Wind direction variability was not included, as the analysis
focuses exclusively on dose estimation, applying uniform EPZ distances in all directions. For
RASCAL meteorological input, wind was assumed to blow consistently from 0 degrees in all
scenarios. Additionally, release periods were set at 10:00 for daytime and 22:00 for nighttime,
with these times randomly assigned across the 360 sampled weather conditions. Precipitation
types in weather scenarios are distributed by comparing each month's contribution of dry days,
light rain, rain, and heavy rain frequencies from Table 4-3's historical rainfall data to their
corresponding random values in each scenario. The weather scenarios stability class employs the
Pasquill-Gifford stability classification, as indicated in Table 3-4. The stability class ranges from
'B' to 'D' during the day and from 'D' to 'F' at night.

The current study's weather parameters, such as wind speed, precipitation type, release time, and
stability class, are presented in Figure 4-3 for the 360 weather scenarios in APPENDIX-D. The
percentages in Table 4-3's historical rainfall statistics roughly correspond to the distribution of
precipitation types: There was 1% heavy rain, 21% light rain, 4% rain, and 74% no
precipitation. The two most often observed stability classes out of the 360 situations are 'E'
(34%) and 'B' (27%). In the dry season (October to May), most situations show stability classes
'B' and 'E,' however in the rainy season (June to September), the dominating classes change to
'C' and 'D' (Faisal et al., 2025"). These scenarios give a sufficient statistical basis to account for

varying weather conditions around the plants.
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Figure 4-3: Individual 12 Months Frequency distribution of (a) wind speed (b) precipitation type (c) relea§e time and (d) stability class for the 360
Monte Carlo Random sampled weather scenarios (Faisal et al., 2025 ).
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4.2.4 RASCAL and HotSpot Dose Calculation

The following presumptions are considered while calculating doses in RASCAL: 1) There are
no buildings or other topographical features in the area close to the dose measurement; ii) the
meteorological station has a uniform surface roughness of 0.2; and iii) people stay outside for
the duration of the plume passage and for four days in order to be exposed to radionuclides that
have been deposited on the ground (Faisal et al., 2025"). TEDE is computed up to 80 kilometers
from the discharge location in this part. The straight-line Gaussian plume model is used to
compute the close-in doses (area up to 20 km) on a polar grid. Assuming that the release point is
near the grid's center, the far-field doses are computed using the Gaussian puff model on an 80

km Cartesian grid distance.

Inhalation, cloudshine, and ground shine are the three exposure paths by which RASCAL
determines doses. The radioactivity absorbed during plume passage in the early stages of the
disaster is the source of the inhalation doses. For an adult male, the inhalation Committed
Effective dose Equivalent (CEDE) is a committed dose of 50 years. An external dose of
radiation from the plume is known as the cloudshine dose. Based on the radioactive activity
deposited on the surface, RASCAL determines a 4-day dose of groundshine. It is the total of the
doses of groundshine received during the model computation period and the doses that would be
received within the first 96 hr after the calculation was completed. Cloud shine dose, inhalation
CEDE, and groundshine dose accrued within the first 96 hours from the onset of release to the
environment are all included in the early phase TEDE, as defined by the US EPA. Individuals
who are engaged in traditional activities (spending a lot of time indoors) and evacuated or
relocated for four days after plume passage would receive lower doses than the plume phase

doses that RASCAL calculates (Ramsdell et al., 2012, Faisal et al., 2()23*).

RASCAL’s child thyroid dose modeling assumes parameters for a 1-year-old child, applying
weighted averages to represent the distribution of iodine in the atmosphere. The calculations
focus solely on exposure to iodine isotopes to remain consistent with EPA’s Kl-specific dose
guidance. RASCAL 4.3’s dose estimates serve to evaluate whether the KI threshold is met,
enabling prompt and informed decisions during emergencies involving radioactive iodine

releases.
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To assess whole-body exposure, HotSpot uses the effective dose equivalent (EDE), which
aggregates organ-specific dose equivalents using tissue weighting factors. When radioactive
material is inhaled or ingested and retained within the body, it continues to deliver a dose over
time. The committed dose equivalent (CDE) represents this long-term organ-specific dose,
typically projected over 50 years. HotSpot calculates the 50-year committed dose equivalent for
each target organ using site-specific integrated air concentrations and dose conversion factors
(DCF). 50-year CDE(T) = C x DCF(T) where C is the integrated air concentration ([Ci-s/m?]),
and DCF(T) is the dose conversion factor [rem-m’]/[Ci-s] for the target organ. The CEDE is the
sum of weighted CDEs across all organs, representing total internal exposure. When external
exposure (e.g., from ground or air submersion) is also included, then TEDE = CEDE

(inhalation) + EDE (submersion) + EDE (groundshine) + EDE (resuspension).

APPENDIX-E, Figure E-1 and E-2 present the simulation steps in the RASCAL and HotSpot

codes used in this study.
4.2.5 Input Meteorological Data Model in HYSPLIT

The HYSPLIT model can utilize different meteorological datasets to improve its predictions.
Draxler et al. suggested that combining the ATDM with a suitable meteorological model would
enhance predictions of how particles disperse and deposit (Draxler et al., 2015). Their research
shows that linking dispersion models with the GDAS weather framework yields better results
than other combinations. In this study, two global reanalysis meteorological datasets, CDC1 and
GDASI, were used and converted into formats compatible with HYSPLIT. While the CDCl1
dataset has a coarser spatial and temporal resolution, it is widely used in regulatory screening
models because of its easy availability. To improve the realism and spatial accuracy of the

simulations, the higher-resolution GDAS1 dataset was also included (Faisal & Islam, 2025Y).
4.2.5.1 NCAR/NCEP Global Reanalysis Climate Diagnostics Center (CDC1)

Climate Diagnostics Center (CDC1) meteorological data is an archived pressure-level reanalysis
dataset from the NOAA Climate Diagnostics Center. It includes global and regional climate
variables. This meteorological input dataset was obtained from a reanalysis by the National
Center for Environmental Prediction (NCEP) and the National Center for Atmospheric Research

(NCAR) (Draxler et al., 2018). Global 2.5° meteorological data with a 6-hr time resolution was
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retrieved from the NOAA ARL server (https://www.ready.noaa.gov/ready2-

bin/extract/extracta.pl). This dataset includes surface-level information such as surface pressure

(PRSS), 2-meter air temperature (T02M), 10-meter horizontal wind components (U10M and
V10M), and 6-hour accumulated precipitation (TPP6). Vertically, it provides data at 17 pressure
levels, ranging from 1000 to 10 hPa, including height (HGTS), temperature (TEMP), horizontal
wind components (UWND and VWND), vertical wind velocity (WWND), and relative humidity
(RELH). Each month’s meteorological data is saved as a separate file (Faisal & Islam, 20250).

4.2.5.2 Global Data Assimilation System (GDAS1)

NOAA’s GDAS dataset (https://www.ready.noaa.gov/ready2-bin/extract/extracta.pl) provides

meteorological data on a pressure-coordinate system with a 1° horizontal resolution, which is
roughly 100 km % 100 km, at 3-hour intervals. It includes 23 vertical layers and provides weekly
values for 32 different meteorological parameters across the globe. Each week’s data is saved as
a separate file. Compared to the CDC1 dataset, GDAS offers finer spatial detail. Both datasets
were used in this study to compare results and to see how the resolution of meteorological input
influences the patterns of dispersion and deposition. (Faisal & Islam, 2025"). Table 4-6 shows

the available comparative meteorological parameters of the two datasets.

Table 4-6: Available parameters of the GDAS1 and CDC1 Meteorological datasets

(Faisal & Islam, 2()25*).
CDC1 GDAS1

Meteorological Data
. Ten meter wind
. Two meter temp
. Heat flux
. Momentum flux
. Terrain height
. Surface pressure
. Mixed layer depth
. Convective mixing
. Meteorological Grid
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4.2.6 HYSPLIT simulation Configuration for LTSBO event
4.2.6.1 Sensitivity Run for Particle Number, Concentration Grid and Release Height

The concentration pattern in HYSPLIT shows a relationship among particle number, the
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concentration grid cell, and sampling average time (Draxler et al., 2019). So it is important to
understand the concentration pattern in different combinations of particle number and
concentration grid to obtain a realistic representation. Table 4-7 shows the parameters used in
the sensitivity tests for particle numbers and concentration grid resolutions, along with the
symbols representing each combination. The simulations were carried out using 100, 1,000,
10,000, and 100,000 particles, with concentration grids of 0.01°, 0.025°, 0.05°, and 0.1°,
assuming a stack height of 100 meters. Case C3 represents a scenario where 10,000 particles
are released per hour using a concentration grid of 0.050° x 0.050° (Faisal & Islam, 2025).
Variation of release height effects were also analyzed at 10m, 30 m and 200 m, where H30 (.
100) indicates radionucles were released at 30 m height and air concentration were estimated

at a grid cell of Om and 100m.

For all combinations, the sensitivity simulations were run over a 12-hour period, with a single
output representing the entire 12 hours. A unit release rate of 100 Bq/hr was used over 0.01
hours. Meteorological data for January 2021 from the CDC1 and GDASI1 datasets were
applied, with the simulations starting at 00:00 UTC on the first day of the month (Faisal &
Islam, 2025"). Detailed results of the sensitivity analysis can be found in the Results section. A
concentration grid of 0.05°X0.05° and approximately 1000 particles discharged in each
emission hour offer the best possible balance between accuracy, calculation time, and a more

even distribution of air concentration and ground deposition for LTSBO accident simulation.

Table 4-7: Parameters along with symbols of particle number, concentration grid and release

height used in HYSPLIT sensitivity run (Faisal & Islam, 2025°).

a) Global
Reanalysis
(CDC1)
b) GDASI | Concentra n 2) 3
Meteorology data | (I-degree, | fiongrid | (o | 0.025° | gpso | 4)
source global, . ) A |
2006 - X X X X Height
present) o . .
(NOAA) 0.01 0.0250 0.05 0.1
Number of
Met. Data: Jan 2021 particles
per cyclic
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Start of simulation: | 01-01-2021 A) 100 Al A2 3 Ad
Releats.e st'artlng at 00:00 (8.3/hr) H100
ime: _
Simulation run B) 1000 Bl B2 B3 B4
time: 12 hr (83.3/hr) 100m
End of simulation: | 01-01-2021 | €) 100000 Cl C2 C3 c4 | (stack
at 12:00 (833.3/hr) releas
e)
Radionuclide: RNUC and | D) 100000 D1 D2 D3 D4
NGas (8333.3/hr)
H200 H200
Release rate: 100Bg/hr | Concentra (0.100) (0-200) H200 200m
tion grid:
H30 (o- H30 (o-
Release duration: 0.01 hr | 0.05°X0.05 100) 30) H30 30m
100 m 10m
Top of averaged (Above | Number of
layer: Ground particle: HT(S) (o- Hllg (o- H10 (grou
Level) 100 ) ) 1 nd1
Sampling interval: 12 hr evel)

4.2.6.2 Computational Domain and Simulation Run Time

Computational Domain

The computational domain, which includes Bangladesh and its surrounding areas, is depicted in
Figure 4-4. Its center is near Rooppur NPP (24.07°N, 89.10°E), and it extends over 50° in
longitude (from west to east) and 50° in latitude (from south to north). The domain's output
concentration field was computed across a vertical layer that was 100 meters deep, and the

computational grid's spatial resolution was 0.05° (~5 km).
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Figure 4-4: Model domains mapping (generated from NOAA ARL server) in HYSPLIT

simulation for LTSBO event.
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Simulation Run Time

APPENDIX F of Figures F-1 to F-12 represent 12 monthly (January—December) wind rose
diagrams for the years 2021 and 2022 of GDAS1 and CDCI1 meteorological datasets over 84
hours starting on the 15" day of each months. APPENDIX G of Figures G-1 shows Pasquill
stability class and boundary layer depth variations over 84 hr starting from 15" of the month of
January & July of the years 2021 and 2022 for GDAS1 and CDC1 meteorological data. To
determine the appropriate simulation duration, air concentration, and ground deposition
distribution characteristics for the LTSBO accident scenario study, the model was executed
based on the worst-case 10-hr CCM accidental release from the Rooppur NPP during two
representative months of 2022: January and July. These months were selected to represent
typical dry and wet weather conditions, respectively, using two distinct meteorological datasets
of GDASI and CDCI1. Based on this sensitivity analysis result presented in the next chapter—
and recognizing that radionuclides can be transported over long distances from the accident

site—the simulation run time was set at 15 days to evaluate long-range consequences.
4.2.6.3 Accident Simulation Pollutant and Concentration Grid Setting

Table 4-8 shows the parameters for the HYSPLIT dispersion model used in this study for the
LTSBO accidental release. Monthly simulation ran were performed for 360 hours, using CDCl1
and GDASI1 meteorological data files, with the release starting on the 15" day at 00:00 hr of the
respective month. Air concentration results were averaged between 0 and 100 m above ground
level, and 15 days of cumulative ground depositions were calculated. Dispersion was simulated
over a 2000 km radius around the source, with a horizontal grid of 50° x 50° and a concentration
grid resolution of 0.05° x 0.05° (approximately 5 x 5 km). The model includes two vertical
levels: 0 and 100 m AGL. For simplicity, a release height of 30m and 500 m at coordinates
24.07°E and 89.1°N (Rooppur NPP 1) was used for the emission location. Other model
parameters were set to their default values. APPENDIX-E, Figure E-3 presents the simulation

steps in the HY SPLIT code used in this study.

Table 4-8: Input parameters for the LTSBO event in HYSPLIT Simulation.

CCM (10 hr | PCM (3 hr release)
Parameter release)

a) Global Reanalysis (CDC1)

Meteorology Data source b) GDASI1 (1-degree, Global, 2006 - present)

Met. Data year 2022
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Vertical motion method

Input model data

Start of simulation

From the 15" day of months January (Dry weather
condition) and July (Wet weather condition) of the
years at 00:00

Simulation run time

360 hr (15 Days)

End of simulation

30" day of respective month 00:00

Release starting time (UTC)

From the 15" day of months January (Dry weather
condition) and July (Wet weather condition) of the
years at 00:00

Release height 30 m, 500m

Release rate 1Bg/hr

Radionuclide RNUC and NGas
Release duration 10 hr | 3 hr
Top of averaged layer 100 m

Number of release particles per cycle 10000 3000
Number of release particles per hour 1000

Grid span 50 degree x 50 degree
Concentration grid resolution 0.05° x 0.05°

Sampling interval 24 hr and 360 hr

4.2.6.4 Deposition Parameter Setup

Each model run included deposition characteristics separately for two surrogate radionuclides.

Key data for deposition characteristics used in HYSPLIT are listed in Table 4-9.

Table 4-9: Deposition characteristics values used in present HYSPLIT simulation (Faisal &

Islam, 2()25*).

Parameter

Values

Density, shape, and particle diameter

‘0’ treats as a gas, while ‘1’ flags as a particle

Dry deposition rates

0.001 m/s

Wet deposition

In-cloud and below-cloud removal, same scavenging
constant (8 x 10°s )

Henry’s constant

noble gases - zero

Re-suspension factor

zero for both surrogate

Density, shape, and particle diameter define pollutants subject to gravitational settling and wet

removal. Dry deposition rates are highly uncertain due to varying interactions between

radioisotopes and ground cover over time and space. For the Rooppur site, this study uses a

constant dry deposition velocity of 0.001 m/s, applied with its associated uncertainties. During a

LTSBO accident scenario at the NPP, various radionuclides may be released. These include non-

depositing noble gases like Xenon-133, iodine-131 in both gaseous and particulate forms, and
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particulate-bound isotopes such as cesium-137, which have moderate dry deposition velocities
of about 0.001-0.01 m/s. The deposition behavior depends on the chemical form and particle
size. A typical velocity of 0.001 m/s is used as a representative value, especially for small
particles and semi-volatile substances. This fixed value also provides an average across different
land surfaces—including grasslands, agricultural areas, soil, and the Padma River—offering a
balanced estimate that avoids overestimating deposition on rough surfaces like forests or

underestimating it over smooth surfaces like water (Faisal & Islam, 2025Y).

Wet deposition involves the removal of pollutants from the atmosphere via precipitation. The
HYSPLIT 854 version (January 2017 release), which was used in this present study, uses a
simplified approach for in-cloud and below-cloud removal, defined by the same scavenging
constant (8 x 107° s_l) (Draxler et al., 2019). Pollutants reach the ground when rain forms within
clouds or below clouds, when falling droplets collide with aerosols through processes like
Brownian diffusion, interception, impaction, and turbulent diffusion. Henry’s constant for
noble gases was set to zero, implying their health effects stem only from inhalation or external
exposure in the plume (cloud submersion). Studies show noble gases do not undergo dry or wet
deposition but remain airborne until they decay radioactively (Draxler and Hess, 1998). The Re-
suspension factor for deposited particles was assumed to be zero for both surrogate

radionuclides in this study.
4.2.6.5 Air Concentration and Ground Deposition Calculations

In HYSPLIT, each particle represents a portion of the total pollutant mass. As the particles move
through the computational domain, their masses are summed and divided by the volume of each
grid cell to determine the air concentration. This calculation takes into account particle
radioactivity, the duration of the release, and the deposition rate. For simplicity, no specific half-
lives are assigned in this study, assuming that all particulate radionuclides behave like cesium-
137 in terms of deposition. Finally, the air concentration and ground deposition are adjusted
during post-processing to account for the radioactive decay of all released radionuclides (Faisal

& Islam, 2025°).

The unit release concentration output file is read by the program named CON2REM. The air

concentration is calculated by multiplying the normalized concentration output from the model,
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the dilution factors, and the dispersion factors by the source term in the post-processing phase
(CON2REM software) using the ACTIVITY.TXT file. Additionally, the half-life decays it to
provide the air concentration for this radionuclide at that specific sample output time. (Draxler et
al., 2019). Adding all the species give, a total air concentration from cloud-shine and a total

ground deposition from the ground-shine.

APPENDIX H of Figures H-1 and H-2 shows the ACTIVITY.TXT file, which lists the
radionuclides that are considered for volumetric air concentration and volumetric ground
deposition, respectively, for the 10 hr CCM state and 3 hr PCM state. This file contains several
columns. The radionuclides' half-lives are listed in the first column. The highest emission rate
(Bg/hr) of that specific radionuclide for 10 and 3 hour accidental LTSBO emissions from the
VVER-1200 reactor at the RNPP site is shown in the following four columns, which are

1dentical for a reactor accident.

4.2.7 Air Concentration Uncertainty in HYSPLIT

There are various reasons of air concentration uncertainty, such as how well the meteorological
data represent the real flow field, inaccuracies in the parameterization of physical processes in
the model, and even the impacts of atmospheric turbulence that the model does not account for.
(Draxler et al., 2019). This study used two methods of uncertainty analysis: (a) Meteorological
Data Ensemble, which examines gradients in meteorological data not captured by grid points,
and (b) Model Physics Ensemble, which tests different physical representations of dispersion.
These methods assess variability in model concentration predictions. Each analysis uses a script
to automate steps, running HYSPLIT for each model variation with suffixes like .001, .002......
The output files include prob05, probl0, prob25, prob50, prob75, prob90, and prob95s,

representing concentrations at probability levels ranging from 5% to 95% (Draxler et al., 2018).

4.2.7.1 Meteorological Data Ensemble

In the ensemble model, the meteorological grid is shifted in the X, Y, and Z directions for each
member. Each member runs sequentially. Offsets are defined by the SETUP.CFG file, with
default values of one grid point horizontally and 0.01 sigma vertically, resulting in 27 ensemble
members (Draxler et al., 2018). For valid vertical offsets, the starting height is at least 0.01

sigma (250 m) above the ground. The model generates 27 output files; only one offset (X, Y, or
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Z) is applied per member, with ranges of 1-9 for no vertical shift, 10-18 for a positive shift, and
19-27 for a negative shift.

4.2.7.2 Model Physics Ensemble

Unless a SETUP.CFG file with parameter modifications appears, the model runs with the default
values. A script in the model physics ensemble performs 20 various computations, including
3D-particle, Gaussian, and top-hat puffs; modifications in mixed layer depth calculation;
turbulence and stability equations; vertical-to-horizontal turbulence ratio; and Lagrangian time
scale adjustments (Draxler et al., 2019). HYSPLIT is a dispersion modeling tool that can
simulate the spread of pollutants using either a three-dimensional particle method (ensemble no.
01) or a puff-based approach (ensemble no. 02 and 03). The particle method follows the
turbulent motion of individual particles, while the puff method estimates dispersion growth rates
(ensemble no. 04). The boundary layer depth is usually taken from the meteorological model
(ensemble no. 05), but it can also be estimated as the height where the potential temperature
increases by 2°C above the near-ground minimum. Alternatively, a fixed boundary layer height
can be used (ensemble no. 06-08). Vertical turbulence changes with height, though it can be
simplified using a constant vertical diffusivity (ensemble no. 09-11). Turbulence can be
calculated using methods such as Kantha-Clayson, the Beljaars-Holtslag scheme (ensemble no.
014), or based on low-level wind and temperature profiles (ensemble no. 013), and it can also be
derived from the turbulent kinetic energy field (ensemble no. 12, 15, 16). Horizontal and vertical
turbulent length scales are typically set at 10,800 s and 200 s, respectively (ensemble no. 17-20),

with dynamic calculations allowing for additional variability (Faisal & Islam, 2025).

* Article published from this thesis



4.3 PART- B: Assessment of Emergency Planning Zones

This part describes the method to estimate the EPZ (PAZ and the UPZ) sizes of the under-
construction Rooppur NPP site based on conservative assumptions aligned with the post-
Fukushima IAEA guidelines (IAEA, 2013b). The specific aims of this part are to
e Propose a scientific methodology to determine the sizes of the EPZ by developing source
terms and weather scenarios.
e Analyze and compare the EPZ protective requirements for both DBA and BDBA.
e Assess the validity of the proposed EPZ sizes and protective measures under different
scenarios.
To do so, it accounts for an environmental release of 4% volatile fission products (Kr, Xe, I, Cs,
and Te) from each DBA and BDBA event. Radiological doses for the LBLOCA and LTSBO
occurrences are assessed yearly using 360 different weather scenarios (Faisal et al., 2025).
EPZs are then established using dosimetric criteria (IAEA, 2013b) that account for more than
95% of all meteorological conditions (Faisal et al., 2025'). Appropriate protection measures are
also defined inside these zones to keep doses below the deterministic and stochastic health

effects criteria.
4.3.1 Postulated Initiating Events

In the Rooppur NPP feasibility study, the frequency of fuel damage in the core caused by
internal starting events in all operating modes was determined to be less than 5.9E-07.
According to the Preliminary Safety Analysis Report (PSAR) for the Rooppur project, the most
serious DBA is an LBLOCA produced by a pipeline rupture larger than 100 mm in diameter
(Environmental Impact Assessment, 2017). A breach of this magnitude leads to a rapid and
substantial loss of coolant. This can overheat the reactor core, which may damage or even melt
the fuel, resulting in radioactive fission products leaking into the reactor coolant system and
potentially into the environment. The radioactive leak poses serious radiological dangers,
including contamination of the environment and extensive health effects, resulting in significant
public and environmental consequences (Faisal et al., 2025). According to the feasibility
assessment for the Ostrovets' VVER-1200 NPP project in Belarus, the reactor's core meltdown
probability is 1E-6 per reactor year. In a BDBA event, large radionuclides are released into the

environment with a likelihood of 1E-7 per reactor-year, possibly totaling to 100 TBq for *’Cs.
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(Belarussian NPP, Environmental Impact Assessment, 2010). NPP, including VVER-1200
reactors, are designed to handle DBAs using advanced safety features like active and passive
ECCSs, containment structures, and core catchers. However, the RASCAL model takes a
conservative approach by assuming a complete failure of these safety systems. This assumption
helps assess the worst-case scenario for radiological release, which is crucial for determining the
size of the EPZ (Faisal et al., 2025"). By preparing for such unlikely failures that ensure the EPZ

is large enough to handle even the most severe events.

To define the boundaries of the EPZ, two hypothetical events from both DBA and BDBA
categories are considered. In the DBA category, a LBLOCA is a significant event where a major
rupture in the primary cooling system causes rapid depressurization and makes it difficult to
maintain core cooling. If no action is taken, the coolant will be depleted within three hours,
exposing the reactor core. This could lead to severe overheating, a core meltdown, and

ultimately, the failure of the reactor vessel.

In the BDBA scenario, a LTSBO is characterized by the simultaneous loss of both oftf-site and
on-site power. This typically occurs due to an external event like an earthquake (Faisal et al.,
2025%). In this situation, it is assumed that neither active nor passive ECCSs or portable
mitigation equipment are available. As a result, the coolant will evaporate, causing damage to

the reactor core.

Table 4-10 provides a summary of the timing and release sequences used in the RASCAL
model, based on conservative accident assumptions. Both scenarios initiate environmental
releases at the same times: 10:00 AM (10:00) for daytime and 10:00 PM (22:00) for nighttime.
However, in the LTSBO scenario, the loss of ECCS functionality is assumed to start five hours
earlier than in the LBLOCA scenario for considering releasing radionuclides in a same weather
conditions. In both cases, the reactor core remains exposed for 10 hours until the progression of
damage stops and the release of fission products ceases, indicating the beginning of core
recovery. Radiological releases are expected to occur at ground level (10 meters) due to leaks in
containment, without any spray or filtration systems to limit the dispersion of fission products. A

conservative leakage rate of 1% volume per hour is assumed for both events. This leads to the
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release of about 3.60% of volatile and gaseous fission products (such as Krypton, Xenon, Iodine,
Cesium, and Tellurium) into the atmosphere over a 10-hour period during the LBLOCA
scenario, and approximately 3.88% for the LTSBO scenario (Faisal et al., 2025 *).

Table 4-10: Timing of LBLOCA and LTSBO postulated initiating events used for source term
and release pathways in RASCAL simulation (Faisal et al., 2025%).

Parameter LBLOCA LTSBO
Shutdown time (hr: min) Tsd Tu
Core uncovered / Core Release Tsd + 3hr Tsq + 8hr
start / Relese to the containment (For PWRs, RASCAL
start assums an 8- hr delay
(hr: min) between loss of cooling and

the onset of core damage)

Start of release to environment Tsd + 3hr Ty + 8hr

(hr: min)
(no containment holdup time
assumed for maximum release)

Containment leak rate to 1.0 %/ hr 1.0 %/ hr
environment (% vol)
Core recovered /Core damage Teq+ 3 hr +10 hr Tsq+ 8 hr +10 hr

stops (core damage state remains
the same) (hr: min)

Sprays off (hr: min) During core uncover During core uncover time
time

Sprays on (hr: min) During core recover During core recover time
time

Release height (m) 10 m (ground level)

End of calculation/simulation Start of release to Start of release to

(hr: min) environment +24 hr environment +24 hr

4.3.2 Radionuclides Release Characteristics of the Postulated Events

The RASCAL model evaluates the severity of core damage and the amount of fission products
released, depending on the duration of time the reactor core is exposed without water coverage.
Core inventory data, measured in curies per megawatt thermal (MW?t), is sourced from NUREG-
1940 (Ramsdell et al., 2012) and used in RASCAL's source term calculations. These values
come from the SAS2H control module of the SCALE (Standardized Computer Analyses for
Licensing Evaluation) code, Version 4.4a. For LBLOCA scenarios in PWRs, RASCAL follows
the accident sequences and release schedules outlined in Table 3.6 of NUREG-1465 (Soffer et
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al., 1995). In the RASCAL for LTSBO events, the source of radioactive releases were modeled
from NUREG-1935 (Chang et al., 2012) along with accident progression information based on

MELCOR. This includes radioactive release fractions and timing for 11 groups of radionuclides.

Volatile fission products, such as iodine (I), cesium (Cs), tellurium (Te), and noble gases like
krypton (Kr) and xenon (Xe), play a significant role in radioactive releases (US NRC, 1982b).
Figure 4-5 (a & b) shows the time-dependent release profiles for four important
radionuclides—Xe-133, 1-131, Cs-137, and Te-132—over a 10-hour period for both LBLOCA
and LTSBO scenarios. According to the LTSBO event timing outlined in Table 4-10, the reactor
was shut down five hours before the LBLOCA event, with both LBLOCA and LTSBO releases
beginning at 10:00 and ending at 20:00. In the LBLOCA event, the highest release of
radionuclides occurs about three hours after the start of the discharge, while in the LTSBO
scenario, the peak is reached in approximately two hours. LTSBO events result in higher release
rates of iodine, cesium, and tellurium because a larger proportion of these radionuclides is

released from the reactor core.
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1.0E+16 1.0E+16 -
g
8 106415 e £ 108415 -
2 A £ 2900
E A £ ¢
E A '“M d
g 106414 / S 108414 1
-]
10E+13 1.0E+13 -
106412 - 10E+12 ‘
9:07 11:31 13:55 16:19 18:43 21:07 9:07 11:31 13:55 16:19 18:43 21:07
Release time Release Time
A=|-131 =#=(s137* =0=Te-132 =H=Xe-133 =#=|-13] =#=(s137% =0=Te-132 =H=Xe-133
(a) (b)

Figure 4-5: Time-dependent release rates from containment to the environment

for (a) LBLOCA and (b) LTSBO (Faisal et al., 2025).
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LBLOCA 8.9% 0.9% 1.5% 0.9% 3.60%
LTSBO 7.8% 1.6% 3.0% 2.6% 3.88%

Figure 4-6: Total volatile fission product released activities to the environment and their

percentage to core inventories during LBLOCA and LTSBO events (Faisal et al., 2025).

Figure 4-6 illustrates the initial core inventory of four volatile radionuclides and their
corresponding environmental release levels for both LBLOCA and LTSBO scenarios. The
results indicate that LTSBO events lead to higher releases of iodine, cesium, and tellurium
compared to LBLOCA events, while noble gas releases are slightly lower (Faisal et al., 2025%).
This variation is attributed to the larger core release fractions assumed for these radionuclides

during LTSBO conditions (Ramsdell et al., 2015).

Table 4-11 presents a comparison of the environmental release activities (Bq) for key volatile
radionuclides predicted by RASCAL for the two scenarios and those reported for the Fukushima
Daiichi nuclear accident. The calculated releases for the Rooppur NPP show close agreement
with values from the multi-unit Fukushima event, underscoring the conservative nature of the

assumptions applied in this study.

* Article published from this thesis



Chapter 4, Part-B

Methods

Table 4-11: Released volatile radionuclides comparative activities for LBLOCA and LTSBO

postulated events with the Fukushima accident (Faisal et al., 2025").

Activity (Bq)
) ) Postulated events (Rooppur NPP) | Fukushima Diachi accident
Radionuclides (IAEA , 2015b ,Volume 4, Page

LBLOCA LTSBO 7)

Xe-133 1.2E+18 1.1E+18 6.0E+18 — 1.2E+19
Xe-135 3.4E+17 2.9E+17 -

Kr-85 5.3E+15 6.5E+15 6.4E+15-3.2E+16

1-131 5.3E+16 1.0E+17 1.0E+17 — 4.0E+17
1-132 6.8E+16 1.4E+17 -

1-133 8.4E+16 1.4E+17 6.8E+14-3.0E+17
1-134 9.7E+14 2.1E+13 -
1-135 4.7E+16 5.3E+16 -

Cs-134 8.3E+15 1.7E+16 8.3E+15 - 5.0E+16
Cs-136 3.3E+15 5.1E+15 -

Cs-137 5.8E+15 1.2E+16 7.0E+15 - 2.0E+16
Cs-138 5.3E+13 6.1E+10 -
Te-127 3.3E+15 9.8E+15 -
Te-127m 5.2E+14 1.6E+15 -
Te-129 1.5E+15 4.3E+15 -

Te-129m 2.2E+15 6.5E+15 3.3E+15-1.2E+16
Te-131 1.3E+15 3.5E+15 -
Te-131m 5.8E+15 1.6E+16 -

Te-132 4.6E+16 1.3E+17 7.6E+14 — 1.6E+17

4.3.3 Weather Scenarios for EPZ at the Rooppur NPP Site

The weather scenarios discussed in Section 3.2.3 were used in the LBLOCA and LTSBO

event simulations for EPZ size estimation.

4.3.4 Protective Measures Dose Reduction Factors and Reference Dose Level

Table 4-12 presents the dose reduction factors applied to account for different protective

measures during an emergency. When implemented, these measures decrease cloud shine

exposure, inhalation CEDE, ground shine from deposited radionuclides, and acute inhalation

doses to the red bone marrow. The adjusted dose values represent the actual radiation doses

individuals would receive under each protective action (Faisal et al., 2025Y).
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House sheltering assumes occupants remain inside a wooden structure, while large-building
sheltering refers to staying within a multi-story building during and after the release. lodine
Thyroid Blocking (ITB) involves taking a blocking agent prior to, or within one to two hours of,
inhaling radioactive iodine to reduce thyroid exposure (IAEA, 2013b).

Table 4-12: Dose reduction factor for different protective measures (Faisal et al., 2025*).

Dose Reduction Factor Exposure pathway
Protective measure
House sheltering | 0.4 (Burson, 1975) External exposure to ground deposition
0.6 (US NRC, 2010) External exposure to a radioactive cloud
0.5 (US NRC, 2010) Internal exposure from inhalation
Large building 0.02 (US NRC, 2010) External exposure to ground deposition
sheltering 0.3 (US NRC, 2010) External exposure to a radioactive cloud
0.2 (US NRC, 2010) Internal exposure from inhalation
Taking ITB agent 0.1 (US NRC, 2010) Thyro'id' apd fetal dose from inhalation
of radioiodine

The GSR Part 3 (IAEA, 2014), GSR Part 7 (IAEA, 2015), and NNREPR (MOST, 2020)
suggested a reference dose level that should be applied to utilize protective measures in
emergency exposure scenarios to assure that the public dose is less than the chosen reference
level. This dose level is expressed as a residual dose, usually an effective dose in the range of
20-100 mSy, acute or annual, which includes dose contributions from all exposure pathways. It
represents the cumulative dose that is expected to be received by an individual from the start of
the event up until the protective measures have been lifted (or following the decision not to take
protective measures). A 20-100 mSyv per year reference dose level is adopted by the NNREPRP
for an emergency phase (MOST, 2020).

4.3.5 Dosimetric Criteria for PAZ and UPZ Sizes

Table 4-13 presents the [AEA dosimetric criteria used to define the sizes of the PAZ and UPZ.
These criteria are based on threshold doses intended to prevent significant deterministic health
effects and substantially reduce the probability of stochastic effects. The thresholds are applied
to critical organs, such as the red bone marrow, and sensitive groups, including fetuses of
pregnant women (IAEA, 2013b). For the red bone marrow, the total acute dose is calculated as

the sum of cloud shine exposure, ground shine dose over the specified duration (one day for

* Article published from this thesis



Chapter 4, Part-B Methods

PAZ assessment), and acute inhalation dose.

The RBE-weighted absorbed dose (Gy) to the fetus (ADses) is equal in numerical terms to the
equivalent dose (Sv) in the fetus (Hgs), assuming RBEgqs=1 for internal exposure to the fetal
thyroid (IAEA, 2013b). In ADses, inh, Only the inhalation exposure pathway is considered
(IAEA, 2013b). The RASCAL thyroid CDE represents a 50-year committed dose to an adult
man, encompassing contributions from all radionuclides. Radioiodines with short half-lives are
the primary source of thyroid dose, making the thyroid CDE comparable to acute thyroid dose.
Thyroid CDE in RASCAL was utilized to assess ADgs inh and Hgeus inn When a pregnant woman

was house-sheltered. Radiation doses were calculated using the ICRP-60 dose conversion factor.

Table 4-13: TAEA dosimetric criteria for the EPZ size (IAEA, 2013b, Faisal et al., 2025').

Actions are Dose
taken based on Dosimetric o . Considered exposure
Zone . . criteri
plant conditions quantity on pathways
to prevent
Average RBE-weighted Ground
Severe absorbed( gc]))se to red boglae 1 Gy* g:)l;lala ghlionued shine®
s marrow red bonemarrow
PAZ ngteeé‘?snmstlc RBE weighted absorbed
dose to the fetus from 1 Gy° | Inhalation
inhalation (ADfetysyinh) b
Equivalent dose to the 100 Inhalation
fetus from inhalation by mSv'
UPZ | Stochastic the pregnant woman
effects (Hierus,in) ™
Committed effective dose | 100 Inhalation
from inhalation (E;u,) mSv'

a. Internal tissues or organs i.e. red bone marrow are exposed to a uniform field of strongly
penetrating radiation.

b. Dominated by the dose to the fetal thyroid.

c. The equivalent dose to an adult from inhalation is approximately equal to the equivalent
dose to the fetal thyroid.

d. Ifthe dose is kept below this threshold, no severe deterministic effects, such as
permanently decreased sperm or ovulation rates, will result from external exposure to the
whole body.

e. Above this, higher probability of severe mental retardation for the fetus.

f. Criteria at which, if projected, protective measures and other response actions are to be
taken to reduce the risk of stochastic effects.

g. 1-day exposure from the beginning of the release
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4.4 PART- C: Consequences Analysis during Routine Operation

This part describes the methodology to simulate dispersion for routine operation of the Rooppur
NPP using the HYSPLIT model and to quantify air concentrations (Bg/m®) and ground
depositions (Bg/m?) from routine gaseous radioactive discharges and assess their potential
impact on public annual doses. For this purpose, HYSPLIT-compatible 3-Dimensional

meteorological datasets of CDC1 and GDASI1 were used for dispersion modeling.
4.4.1 HYSPLIT Simulation Configuration for Routine Operation

4.4.1.1 Computational Domain

Figure 4-7 shows the study’s computational domain, covering Bangladesh and nearby areas
of neighboring countries. The domain extends about 10° in both longitude (west to east) and
latitude (south to north), with the Rooppur NPP (24.07°N, 89.10°E) positioned at the center
(Faisal & Islam, 2()25*).
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Figure 4-7: Model domains mapping (generated from NOAA ARL server) HYSPLIT

simulation for Routine operation (Faisal & Islam, 2025).
4.4.1.2 Simulation Run Time and Concentration Grid Setting

Table 4-14 outlines the HYSPLIT dispersion model settings used in this study to simulate
routine operational releases. Monthly simulations were run for 672, 720, or 744 hours using
CDC1 and GDASI meteorological data, while year-long simulations covered 8,759 hours for
2021-2023 and 8,783 hours for 2020. For the annual runs, twelve monthly CDCI files were
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required, whereas the GDASI1 dataset needed sixty weekly files. Because the HYSPLIT
graphical user interface limits the number of input files that can be used, only the CDC1 dataset
was applied in the year-long simulations. In all cases, the release began at the first hour of the
first day of the relevant month or year. Dispersion was simulated within a 500 km radius of the
release point over a 10° x 10° horizontal grid. The model considered two vertical levels, at
ground level (0 m) and 100 m above ground level. Air concentrations were averaged at 100 m,

while ground deposition was evaluated at the surface (Faisal & Islam, 2025°).

To keep the modeling approach straightforward, HYSPLIT was set up to simulate continuous
releases using two representative radionuclides, treated as surrogate pollutants: a generic
particulate radionuclide (RNUC) and a non-depositing noble gas (NGas). Both were released at
a unit rate of 1 Bg/hr, and the results were later scaled during post-processing to reflect the
actual release rates. All emissions were assumed to come from a single stack at a height of 100
m, located at 24.07°N and 89.1°E at the Rooppur NPP-1 site. Sensitivity analyses showed that
using a concentration grid of 0.05° x 0.05° (about 5 km x 5 km) together with a three-
dimensional particle mode provided a good balance between computational efficiency, accuracy,
and smooth spatial patterns of air concentration and ground deposition. Based on this, around
403, 417, or 447 particles were released each hour for the monthly simulations, depending on
the month, while about 114 particles per hour were used for the year-long continuous release

simulations (Faisal & Islam, 2025*).

Table 4-14: Input parameters for routine operation release in HY SPLIT Simulation (Faisal &

Islam, 2025").

Parameter Month-wise simulation Year-wise simulation
a) Global Reanalysis (CDC1 Global Reanalysis (CDC1
Meteorology Data b)) GDASI (1—de}g,ree,(Globai yois (EPED
source: 2006 - present) (NOAA)
Met. Data year: 2021, 2022 2020, 2021, 2022, 2023
Start of From First day of each months of the | From First day of each year at
simulation: years at 00:00 00:00
Simulation run Whole months Whole years
. 744 hr/720 hr/ 672 hr(Feb) 8759 hr/8783 hr(2020)
time:
depends on month depends on year
End of simulation: Last day of each month 24:00 Last day of each year at 23:00
Release starting From First day of each months at From First day of each year at
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time (UTC): 00:00 00:00
Release height: 100 m (Above Ground Level) 100 m (Above Ground Level)
Release rate: 1Bg/hr 1Bg/hr
. 744 hr/720 hr/ 672 hr (Feb) 8759 hr/8783 hr (2020)
Release duration:
depends on month depends on year
Top of averaged 100 m 100 m
layer:
Number of release 300000 1000000
particles per cycle:
Number of release ~403/417/447 ~114
particles per hour: depends on month
Grid span: 10degree x 10 degree 10degree x 10 degree
Concentration grid 0.05° x 0.05° 0.05° x 0.05°
resolution:
- 744 hr/720 hr/ 672 hr (Feb) 8759 hr/8783 hr (2020)
Sampling interval: d d th d d
epends on mon epends on year

4.4.1.3 Deposition Parameter Setup

The deposition parameter described in Section 4.2.7.5 was used in the routine operation
simulations. During routine operations, NPPs can release small amounts of radionuclides. Some,
like the noble gases krypton-85 and xenon-133, do not deposit, while others, such as iodine-131
and cesium-137, have moderate dry deposition velocities of around 0.001-0.01 m/s. For routine
release scenarios, a dry deposition velocity of 0.001 m/s is typically used as a median estimate,
especially for small particles and semi-volatile substances released over long-term and low-level

(Faisal & Islam, 2025*).
4.4.2 Annual Routine Operational Release Activities

Table 4-15 presents a list of radionuclides annually released under routine operation of the
VVER-1200 reactor of Rooppur power plant units 1 and 2, as given by PSAR (Environmental

[mpact Assessment, 2017).

Table 4-15: Annual Routine operation release activities (Environmental Impact Assessment,

2017) (Faisal & Islam, 2025").

Annual Annual Annual Annual

Radionucl release Radionucl release Radionucl release Radionucl release
ides Activity ides Activity ides Activity ides Activity
(Bq) (Bq) (Bq) (Bq)

SRy L.O4E+12 | "'oeroson 4.30E+07 | "'Tnotecutar | 5-15EH07 | "'oruanic 7.11E+07
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“Kr 3.08E+09 | "Lierosol 1.10E+08 | "Lygtecuar | 1.31E+08 | " panic 1.81E+08
YKr 1.O8E+12 | " Torosal 1.06E+08 | Logiccutar | 1.27E+08 | " Lyganic 1.75E+08
®Kr 2.73E+12 | "Myer0s0 5.70E+07 | Lootccutar | 6-82E+07 | "*Iyiganic 9.41E+07
.G 1.43E+13 | " Lwsol 3.36E+07 | " Luoiccutar | 4-01E+07 | " Topamic 5.54E+07
P Xe 1.44E+12 | "*Xe 5.50E+11 | "**Cs 9.27E+06 | *'Cs 1.31E+07

4.4.3 Dose Calculations in HYSPLIT

Radiation exposure generally occurs in two ways: internal and external. Internal exposure
happens through inhalation or ingestion, while external exposure comes from cloudshine and
groundshine radiation. In this study, the ingestion pathway is not included, as accurately
estimating it would require detailed information on population habits and food consumption,
which is often difficult to obtain. As a result, only external exposure pathways are considered.
Cumulative doses are calculated using air concentrations (cloudshine) and ground deposition
(groundshine) of radioactive materials. To keep the assessment conservative, factors like
whether people are indoors or outdoors and the shielding effect of buildings are not accounted

for (Faisal & Islam, 2025).

In HYSPLIT, the CON2REM program processes the unit release concentration output file.
Using the ACTIVITY.TXT file and specified switches, CON2REM generates a dose file. During
post-processing, the program extracts air concentration values at specific sampling times and
multiplies them by the corresponding dose conversion factors to calculate doses for individual
radionuclides (Draxler et al., 2019). Summing the contributions from all radionuclides provides

the total dose from cloud-shine and ground-shine.

APPENDIX H (Figure H-3) presents the ACTIVITY.TXT file used in this study, listing the
radionuclides included in the dose calculations. The file contains several columns: the first lists
radionuclide half-lives, while the next four specify the maximum emission rates (Bg/hr) for each
radionuclide during routine operational releases from the VVER-1200 reactor at the Rooppur
NPP site. The final two columns provide dose conversion factors for cloud-shine and ground-
shine, which are used to compute radiation doses. These conversion factors were obtained from

the Radiological Toolbox (US NRC, 2013b) and based on FGR-12 (Eckerman & Ryman, 1993).
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CHAPTERSS.
RESULTS AND DISCUSSIONS

5.1 PART- A: Consequences Analysis of LTSBO events

5.1.1 LTSBO Cases Source Term and Corresponding INES Accident Level

In LTSBO scenarios, RASCAL generates approximately fifty radionuclides for PCM and sixty
for CCM accidents at the VVER-1200 reactor. In HotSpot, six radionuclide mixtures were
created based on the RASCAL source terms for each accident case. Due to limitations in
HotSpot radionuclide mixtures, not all radionuclides from RASCAL are included. To make a
mixture, up to 50 radionuclides can be added (Homann & Aluzzi, 2020), some less significant
radionuclides being excluded. Table 5-1 lists important radionuclides and their 1-131
equivalent activity. Each released radionuclide activity (Ai) must be associated to 1-131
equivalent activities by multiplying it by an [-131 radiological equivalence factor (Fi). To
determine the INES accident level, the acquired I-131equivalence activities for each scenario
are added up as (Ai*Fi) (IAEA, 2013a). These I-131 equivalence activities (several tens of
thousands of TBq) indicate that the considered 4 LTSBO accident scenarios are graded as the
highest INES level of 7, which is termed a major accident (IAEA, 2013a). The highest total I-
131 equivalence activity is 1.27E+17 Bq for CCM_7c, the worst-case scenario. Cases CCM_6a
and CCM_6D are classified as CCM at INES Level 6. Despite a 10-hr core uncovering in Cases
CCM_6a and CCM_6D, the accident level remains at Level 6 due to the low leak rates in
CCM_6a and radionuclide confinement within the containment for 24 hr in CCM_ 6b, allowing
short half-life radionuclides to decay. The differences in radionuclide activities between the
PCM and the CCM are due to varying accident severities, including core uncovering time,

passive ECCS availability, and containment leakage rates.

Noble gases and iodine are the main contributors to released activities in all accident scenarios.
The noble gas to I-131 ratio is crucial for understanding dose projections and guiding
protective actions, as I-131 significantly impacts thyroid dose (Athey et al., 2013). Cases
CCM_6a and CCM_7c show comparatively higher I-131 releases, with a ratio of 16:1,
compared to a 79:1 ratio in PCM_7a and PCM_7b, which could influence protective actions
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based on thyroid dose. This lower ratio is due to a higher iodine release fraction of 90% after
10 hr, compared to 80% after 3 hr in PWR LTSBO scenarios, according to Figure 2-1 of
Nuclear Regulatory Commission Regulation (NUREG)-1940 Supplement 1 (Ramsdell et al.,
2015). However, if the radionuclides are confined for a day in containment, as in CCM_6b,
iodine can plate out or wash out, where I-131 contributes only 1%. This increases the noble gas
to iodine ratio, making TEDE the primary factor in determining protective actions instead of

the thyroid CDE dose.

For the two PCM and CCM accidental scenarios, Figure 5-1 displays the activities of the
released radionuclide ranked by contributing dose potential (TEDE) during plume passage (0-
day). Among the more than fifty radionuclides in the source terms, only 19 and 28 significantly
contribute to the total dose fraction in PCM and CCM scenarios, respectively. The remaining
radionuclides in the source term have negligible impact on the overall dose. As illustrated in
Figure 5-1(a), the activity of most radionuclides decreases as the passive ECCS continues to
operate over 24 hours, with the exception of Cs-137, Cs-134, Ru-106, Te-127m, and Sr-90.
These five radionuclides show minimal change in activity due to their relatively long half-
lives—30 years, 2.062 years, 368.2 days, 109 days, and 29.12 years, respectively—compared
to the delay time between reactor shutdown and release (Faisal et al., 2023"). In the CCM state,
due to the long time of 10 hr uncovering the reactor core and based on the release timing for a
PWR LTSBO accident of Figure 2.6, some rare earth metals like La, Ce, Cm, Pu, Np, and Sb

are released.
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LTSBO accident scenarios.

Results and Discussions

Table 5-1: Radiologically important released radionuclides activities and their I-131 Equivalence activities with corresponding INES for six

Core Melt State

Partial Core Melt (42.85%)

Complete Core Melt (100%)

PCM_7a PCM_7b PCM _7c CCM_6a CCM_6b CCM_7c
Case Scenario (No_ECCS_ (No_ECCS_ | (24hr_ECCS N (No_ECCS (No_ECCS_ (No_ECCS_
No No o Containment No 24 hr No
Containment Containment hold) Containment Containment Containment
hold) hold) hold) hold) hold)
Activit | I-131 | Activit | I-131 | Activit | 1-131 I-131 | Activit | [-131 | Activit | 1-131
Radiological Y, Equiva Y, Equiva Y, Equival | Activi | Equiva Y, Equiva Y, Equiva
Radionu Equivalence | A(Bq) | lence | A(Bq) | lence | A(Bq) | ence ty, lence | A(Bq) | lence | A(Bq) | lence
. to Activit Activit Activit | A(Bq) | Activit Activit Activit
clide
I-131, y y y y y y
Fi [A*F] [A*F] [A*F] [A*F] [A*F] [A*F]
Ba) Ba) Bg) Ba) (Ba) (Ba)
Sr-90 20 1.11E+ | 2.22E | 1.11E+ | 2.22E | 1.11E+ | 2.22E+ | 3.40E | 6.81E - - 5.18E | 1.04E
12 +13 12 +13 12 13 +12 +13 +13 | +15
Mo-99 0.08 9.62E | 7.70E | 9.62E | 7.70E | 7.40E | 5.92E+ | 3.26E | 2.60E | 1.67E | 1.33E | 4.81E | 3.85E
' +14 +13 +14 +13 +14 13 +14 +13 +14 +13 +15 | +14
Ru-106 6 1.89E | 1.13E | 1.89E | 1.13E | 1.89E | 1.13E+ | 1.22E | 7.33E | 9.62E | 5.77E | 1.81E | 1.09E
+13 +14 +13 +14 +13 14 +13 +13 +12 +13 +14 +15
1131 | 229E | 2.29E | 2.29E | 2.29E | 2.15E | 2.15E+ | 8.88E | 8.88E | 5.55E | 5.55E | 1.30E | 1.30E
+15 +15 +15 +15 +15 15 +14 +14 +14 +14 +16 +16
Te-132 03 3.03E | 9.10E | 3.03E | 9.10E | 2.44E | 7.33E+ | 1.15E | 3.44E | 6.29E | 1.89E | 1.70E | 5.11E+
' +15 +14 +15 +14 +15 14 +15 +14 +14 +14 +16 15
1.4E+ - 1.41E - 1.26E - 1.1E+ - 1.1E+ - 1.6E+ -
Xe-133 0 17 17 17 16 16 17
Cs-134 17 4.07E | 6.92E | 4.07E | 6.92E | 4.07E | 6.92E+ | 1.44E | 2.45E | 9.25E | 1.57E | 2.15E | 3.65E
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Figure 5-1: Comparative environment released radionuclides activities for (a) PCM and (b) CCM state in different LTSBO cases.
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5.1.2 Release Characteristic of LTSBO event

Figure 5-2 illustrates the estimated total release of radionuclide activities at the end of the
RASCAL simulation. About 0.1% and 0.25% of the reactor core inventory are released into the
environment for PCM and CCM scenarios, respectively. After 3 hours for PCM and 10 hours
for CCM, the reactor core begins to recovered. A substantial portion of activity, on the order of
10" Bq, remains trapped within the containment. The activity levels in the reactor core,
containment, and environment decrease as the passive safety ECCS continues to function over

a 24-hour period.

1.00E+22 ) 1.20E+20
K4 |
S
& ) 6.10E+18
K=) 1.00E+20 E+18
=
o
= t
s 1.00E+18
k=
<

1.00E+16

Containment
Environment
= PCM_No_ECCS m PCM_ECCS_24h CCM_No_ECCS

Figure 5-2: Core, Containment and Environment activities at end of the simulation for PCM

and CCM state in different LTSBO scenarios.

Figure 5-3 illustrates the time-dependent release rates of the five radionuclides contributing
most to TEDE. For PCM, releases occur from 10:00 to 13:00, while for CCM, they continue
until 20:00. Among all radionuclides, 1-131, I-132, I-133, and Te-132 exhibit the highest
release rates for both PCM and CCM scenarios. This is attributed to the relatively high core
release fractions of iodine and cesium groups during the LTSBO-PWR event, as shown in

Figure 3-1.

In both PCM and CCM, the release rate rises rapidly after approximately two hours (around
12:15), reaching peak values. I-133 and I-132 record the highest release rates in PCM and
CCM, respectively, under conditions without ECCS. As the passive safety ECCS continues to
operate over 24 hours, the release rates decline significantly. For PCM, the reduction continues
steadily until around 12:45, and for CCM until about 19:45. A sharp drop is observed at 13:00
for PCM and 20:00 for CCM, corresponding to core recovery and the ending of radionuclide

release.
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Figure 5-3: Activity release rate to the environment for top 05 contributing radionuclide to TEDE for (a & ¢) PCM and (b & d) CCM state in
different LTSBO cases.
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5.1.3 Relative Importance of Pathways and Radionuclide’s contribution to TEDE

Figure 5-4 shows the variation in TEDE contributions through three exposure pathways at
different post-accident decay times near the release point for both PCM and CCM scenarios.
During plume passage (day 0), inhalation is the predominant pathway, accounting for
approximately 98% of the total dose potential in PCM, while submersion contributes about
1.8%, and groundshine remains negligible. The dominance of inhalation is primarily due to the
significant presence of I-131, which contributes about 47% at day 0, as illustrated in Figure 5-
8(a). In contrast, isotopes such as Xe-133 and Xe-135, which mainly contribute to submersion,

represent only about 1% of the dose, resulting in a smaller submersion pathway contribution.

After the plume passage, groundshine from deposited radionuclide activity becomes the
primary contributor to TEDE. For PCM, the groundshine fraction rises to approximately 0.95 at
1 day, 0.95 at 7 days, 0.99 at 30 days, and reaches 1.0 by 183 days. During these later periods,

inhalation plays a secondary role, while submersion remains negligible.

Days after environmental released

0 1 7 30 183 365
1 K 980801 - —0-99 -+

1E-06

@ 0.00000042 mm

Relative contribution of pathways
toTEDE

1E-08
e PCM_Submersion === PCM_Inhalation ==@= PCM_Groundshine
= @pe= CCM_Submersion === CCM_Inhalation = @= CCM_Groundshine

Figure 5-4: Three dose pathways contributions to TEDE for PCM and CCM in LTSBO at

different post-accident decay times.
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Calculating radionuclide importance helps identify which radionuclides contribute the most to
the overall dose. Figure 5-5(a & b) shows the contributing released radionuclides and their
cumulative involvement in TEDE dose potential, respectively, for PCM and CCM states in
each of two accident cases with comparative contribution during plume passage (t=0 day). The
y-axis represents the cumulative fraction of the dose potential contributed by a given
radionuclide, along with all preceding radionuclides ranked as more significant. The most
contributing radionuclide is I-131 in both states, while the second most contributors are Cs-137

for PCM and Pu-241 for CCM.

The contributing released radionuclides, their time delay effects for one day, seven days, thirty
days, 183 days, and 365 days, as well as the cumulative involvement to TEDE dose potential
for PCM and CCM states, are displayed in Figure 5-6(a & b). After a day, I-132 is the
radionuclide that contributes the most in both states. It makes up 70% of the TEDE dose for
PCM when combined with I-131, Te-132, and Cs-134, whereas in the case of CCM, these four
nuclides contribute 64%. After 7 days, Cs-134, Cs-136, and Cs-137 contribute 65 percent of
TEDE during the PCM state, while for the CCM state, the same contribution comes from Cs-
14, Cs-137, and I-131. After 365 days, above 98 percent contribution comes from Cs-137 for
both PCM and CCM states.
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5.1.4 Radionuclides contribution to Submersion, Inhalation, Groundshine and Ingestion
Dose

The effects of radionuclide time delay are assessed using a reference importance diagram. In
this diagram, red represents submersion and inhalation at day 0, while black corresponds to
groundshine at day 1, as shown in Figures 5-7, 5-8, and 5-9 respectively. The results highlight
two key observations common to all three dose pathways. First, the radionuclides with the
highest importance vary depending on the pathway. For instance, Figure 5-7 shows that at day
0, I-132 is the primary contributor to submersion (48%), whereas Figure 5-8 indicates that I-
131 dominates inhalation (49%) in the PCM state. The second notable trend across these
diagrams is that the number of radionuclides contributing significantly to dose potential
decreases as delay time increases. In Figure 5-9, at day 1 in PCM, the top 10 radionuclides
account for 96% of the dose potential. By day 183, only two radionuclides—Cs-134 and Cs-
137—contribute 99% of the groundshine dose. Short-lived radionuclides decay over time,
while radionuclide decay and in-growth processes alter the dominant contributors to inhalation

and groundshine doses at later stages.

In the CCM state, radionuclides with varying contribution fractions, along with additional
radionuclides such as Np, Ba, Sr, and Ce, contribute to the submersion dose beyond those
observed in the PCM state. Similarly, Pu, Np, Cm, Ce, La, and Am provide additional
contributions to inhalation doses during CCM. For groundshine, Figure 5-9 shows that at day
1, 1-132 accounts for the highest contribution (33%), and while by day 7, Cs-134 dominates
with 45% in the PCM scenario. In the CCM state, radionuclides such as Np, Pr, Sr, Ce, Nb, and
Zr, along with those from PCM, further contribute to the groundshine dose with varying
fractions. Figure 5-10 highlights the radionuclides that contribute most significantly to
ingestion doses through the food pathway. As the time delay increases, the number of
contributing radionuclides decreases. By 365 days, only three radionuclides—Cs-134, Cs-137,
and Sr-90—remain as major contributors to ingestion doses (Faisal et al., 2023"). However,
because RASCAL 4.3 does not account for variations in dose coefficients or food consumption
patterns across different age groups, there is some uncertainty in the ingestion importance

analysis (Ramsdell et al., 2015).

* Article published from this thesis
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Figure 5-7: Cumulative radionuclides contribution for Submersion dose from (a) PCM and (b) CCM states in LTSBO during plume passage and

first day of post-accident.
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times.
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Figure 5-10: Cumulative radionuclide contribution Ingestion dose from PCM state in LTSBO

at varying post-accident delay times.

5.1.5 Weather Scenarios Effects
5.1.5.1 Weather Scenario Bound for Different Stability Classes

For the worst-case scenarios of CCM_7c, Figure 5-11 shows the exceeded distance limits of
the threshold 4-day exposure TEDE calculated from RASCAL based on EPA PAG criteria. It
shows the necessary distances for the various stability classes ‘B,” ‘C,” ‘D,” ‘E,” and ‘F’ of 360
weather scenarios where sheltering-in-place or evacuation is required when projected doses
reach 10 mSv or 50 mSv. The black color legend indicates wet weather, while the other colors
indicate dry weather. Unstable conditions ‘B’ and ‘C,” often caused by solar heating, enhance
horizontal and vertical mixing and speed up dispersion, dilution, and shorter travel distances
for threshold dosages (Hanna et al., 1982). While stable conditions ‘E’ and ‘F' retain plumes
closer to the ground with less dilution, allowing for longer transit. Low wind speeds and
temperature inversions, which limit vertical mixing and allow contaminants to spread
horizontally over longer distances for threshold dosages, are characteristics of the ‘E’ and ‘F’

classes.
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during worst-case in LTSBO.
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Table 5-2 summarizes the yearly weather scenarios at the Rooppur site for different stability
classes, based on the 10 mSv EPA PAG criteria across 360 scenarios, as shown in Figure 5-11.
It lists the upper and lower bounds of each stability class with the exceeded distance limits for a

projected dose of 10 mSv, along with wind speeds, precipitation types and intensities.

Table 5-2: Weather scenarios bound in different Stability classes for Rooppur site.

Distances Weather scenarios meteorological Weather
Weather bound from parameter :
conditions Figure 5.1 Wind | Precipitation | oo
Range Release prtation | yercentage
/ (worst . speed type a
Stabilit dent time X . contributio
y acci (m/s) & intensity n
class case)
Upper 23 km day 1.1 No
bound 0
Dry B Lower 8 km day 2.9 No 26.7%
bound
Upper 10 km day 3.1 No
bound 0
Dry€ Lower 8 km day 5.0 No 12.7%
bound
Upper 76 km night 2.2 No
bound 0
Dry E Lower 72 km night 4.9 No 28.6%
bound
Upper 80 km night 2.0 No
bound 0
Dry F Lower 54 km night 0.7 No 5:6%
bound
Upper | 22.3 km day 2.8 Light rain
bound .
Wet C Lower 10 km day 1.0 Moderate 4.7%
bound Rain
Upper 29 km night 5.5 Light rain
bound (< 1 mm/h)
Wet D Lower 16.3 km day 3.8 Heavy rain 15%
bound
Upper 30 km night 3 Light rain
bound (< 1 mm/h)
Wet E Lower 19 km night 2.1 Moderate 5.6%
bound Rain
(1-5mm/h)
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5.1.5.2 Weather Effects in Pathways Contributions to 4-day exposure TEDE

Figure 5-12 represents the TEDE contribution for the three dose pathways—cloudshine,
inhalation, and groundshine—for four stability class weather scenarios of the Rooppur site.
This evaluation is performed at six distances (0.5 km and 1-5 km) from the release point of the
site. For dry weather conditions, ‘B’ & ‘E’ and in wet weather, ‘D’ & ‘E’ stability classes were
considered. In dry weather, 72-75% of doses are derived from inhalation, while groundshine
accounts for 24-26%, and cloudshine contributes the remaining 1-2%. Both accident scenarios
of the PCM and CCM cases exhibit similar behavior during the PCM phase, although there is a
slight variation in the contribution of pathways during the wet weather ‘D’ and ‘E’ conditions

of the CCM scenario.

Under wet weather conditions, groundshine accounts for the majority of the dose contribution
(70-92%). This occurs because precipitation removes particulates from the plume, resulting in
substantial ground deposition of radioactive material and consequently higher groundshine
doses. Inhalation contributes the remaining 8-30%, while cloudshine has an insignificant
impact. These percentage distributions show slight variation with increasing distance from the
release point. During wet weather, the contribution of groundshine, as illustrated in Figure 5-
12(c & d), particularly in ‘D’ class, gradually increases with the increasing distance downwind
for both PCM and CCM states. When the plume moves, precipitation during wet weather
depletes the plume, resulting in lower concentrations downwind. Additionally, at greater
distances, precipitation reduces the levels of cloudshine, groundshine, and inhalation doses

(Ramsdell et al., 2012).
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Figure 5-12: Three pathway contributions to TEDE for different stability classes (a & b) dry
‘B’ (c & d) wet ‘D’ (e & f) dry ‘E’ (g & h) wet ‘E’ in (a, c, e, g) PCM and (b, d, f, h) CCM
states of LTSBO.
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5.1.5.3 Weather Effects in Surface Concentration

Figure 5-13 illustrates the downwind spatial variation of deposited surface concentrations
under dry and wet weather conditions, considering different stability classes for PCM and
CCM scenarios. These values represent the highest total surface concentration recorded at each
distance during the 24-hour deposition period. Along the plume path, surface concentration
quickly rises to a peak at approximately 0.16 km before sharply declining. Under wet weather
conditions, deposition levels are higher than in dry weather due to rain washing particulates

from the plume, resulting in increased ground deposition.
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Figure 5-13: Spatial distribution of peak surface concentrations for PCM and CCM during

LTSBO under dry and wet conditions of different stability classes.

Figure 5-14(a & b) presents the activities of the top ten radionuclides and their percentage
contributions to surface concentrations under dry and wet weather conditions for the ‘E’
stability class in PCM and CCM scenarios. For PCM, the maximum total ground deposition is
2.05 x 10° kBg/m? in dry weather and 4.76 x 107 kBq/m? in wet weather, measured at 0.16 km

from the release point. In dry weather, I-131 is the primary contributor at 21%, while in wet
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weather its contribution decreases to 8%. Te-132 and 1-133 also contribute significantly in dry
conditions, whereas I-132 dominates in wet weather with 27%, followed by Te-132 (26%) and
I-133 (3%). Contributions from other radionuclides remain similar across both weather
conditions. Due to its short half-life of 8 days, I-131 decays from the ground after a few half-

lives. Cs-137 contributes only 3-4%, indicating a minimal environmental impact at the

Rooppur NPP site.

B CCM_7c_Wet'E' W CCM_7c_Dry'E'

B PCM_7a_Wet 'E' mPCM_7a_Dry 'E'

Surface concentration [kBq/m?]
log scale

1-132  Te-132 1-131 Mo-99 1-133 Tc-99m Np-239 Cs-134 Cs-137 Others

Top 10 radionuclide based on surface concentration (CCM_Wet 'E')

(a)

Radionuclides percentage contribution in Surface Concentration

Inner tworings: CCM; First: Wet 'E', Second: Dry 'E'
Outer two rings: PCM; First: Wet 'E', Second: Dry 'E'

(b)

Figure 5-14: (a)Top-10 radionuclides contributing surface concentration and (b)
Radionuclides percentage contributions to total surface concentration for PCM and CCM in
LTSBO under dry and wet ‘E’ stability
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Surface concentration footprints shown in Figure 5-15(a) and (b) illustrate the affected areas
along the predefined 0° downwind direction, with deposited ground concentration around the
Rooppur NPP site under dry and wet weather conditions, respectively for the most severe
accident scenario with the stability class ‘E’. Under wet weather conditions, the plume affects a

narrower region compared to dry conditions, with much higher concentrations near the release

point.

Surface Concentration

Deposited between 2020-01-02 22:00 and 2020-01-03 22:00
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RASCAL v4.3

Surface Concentration
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(b
Figure 5-15: Surface concentration footprint for (a) dry weather and (b) wet weather of
‘E’stability class of most severe accident scenario
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5.1.6 Comparative Analysis of TEDE exposure in RASCAL and HotSpot

5.1.6.1 Four Days Exposure Distance vs. Dose in Different Accidental Cases and Weather
Conditions

In RASCAL and HotSpot, the -early-phase TEDE accounts for doses from
cloudshine/submersion, inhalation CEDE, and groundshine accumulated during the first four
days following the release. RASCAL assumes that individuals remain outdoors during the
plume passage and throughout the subsequent four days to capture the contribution from
groundshine due to deposited radionuclides. HotSpot also includes re-suspension doses. Figure
5-16(a & b) shows the spatial distribution of the dry and wet weather conditions’ average 4-day
exposure TEDE for RASCAL and HotSpot in six accident scenarios, focusing on the dominant
weather scenario of stability class 'E' with uncertainty of the calculated RASCAL and HotSpot
TEDE. The U.S. EPA's dose intervention levels (10-50 mSv) for sheltering-in-place or
evacuation are indicated by blue dotted arrows. Figure 5-16(¢c & d) shows the normalized
variation of the two codes, where distances corresponding to negative values indicate higher
HotSpot-calculated values, while positive values indicate higher RASCAL-calculated values.
Initially, HotSpot estimates a higher TEDE than RASCAL, but in dry weather, it declines more
rapidly with distance (not shown in the Figure) due to the source-depletion factor incorporated
in its calculations. This means the plume's radioactive concentration decreases more quickly
with distance in HotSpot than in RASCAL, which uses a time-dependent model, leading to

slower dose reduction.

For three PCM cases, the TEDE in RASCAL approached 1000 mSv. However, PCM_7c
displayed relatively lower doses because of the 24-hour activation of passive ECCS, which
decayed some radionuclides during this time after shutdown. Other than the radionuclide
release height, which is 10 m in PCM_7a and 30 m in PCM_7b, the RASCAL input parameters
in the two situations are identical. Because of the lower release height, PCM_7a exhibits a
higher TEDE even though the same quantity of radionuclides is released in both scenarios. As
the release height increases, radionuclides are affected by more diverse wind patterns, which
results in wider spatial dispersion and a decrease in near-ground doses. On the other hand, due
to the plume staying closer to the ground fora lower release height, it results in higher

exposure to inhalation and deposition.
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For CCM of case CCM_7c, the TEDE at 0.5 km was 5700 to 11000 mSv, but in CCM_6a, due
to a small leak rate, and in CCM_6b, due to prolonged containment confinement, the TEDE
was 500 to 700 mSv at 0.5 km. For both codes near the release point for the same stability
class, the TEDE is higher in the wet season than in the dry season because precipitation and
increased atmospheric moisture promote greater deposition of radioactive particles near the
release site. Since the two codes make different assumptions about the distribution and
intensity of precipitation, there are higher uncertainties during wet weather, which leads to
uneven wet deposition rates. With its higher rain washout coefficient, HotSpot's doses decrease
more rapidly than RASCAL's in wet conditions. HotSpot uses 2E-4 s (~0.72 h™") (Homann &
Aluzzi, 2020 ), which causes a faster drop in airborne radionuclide concentration than

RASCAL, which uses a default value of 0.25 h™'( Ramsdell et al., 2012 ) for light rain.

Figure 5-17(a & b) compares the dry and wet weather conditions average 4-day TEDE results
from RASCAL and HotSpot, and Figure 5-17 (¢ & d) shows the normalized variation of the
two codes for the worst-case scenario of CCM_7c under different upper-bound stability
classes. More uncertainty was observed in stability classes 'E' and 'F' during dry weather, with
TEDEs reaching roughly 5000 to 6000 mSv with RASCAL and 11000 mSv to 25000 mSv with
HotSpot at 0.5 km. HotSpot's plume depletion factor (DF) has an impact on stable stability
classes as distance rises, leading to lower concentration and subsequently lower dosages than
RASCAL. Stable classes 'E' and 'F' had higher doses than unstable classes 'B' and 'C' due to less
atmospheric vertical mixing; consequently, radionuclides trapped near the surface for extended
times causeed higher concentrations near the source. On the other hand, due to moderate
convective mixing caused by ground heating, vertical turbulence is relatively strong in stability
classes ‘B’ and ‘C’, which dilutes the concentration of pollutants near the ground. In both
RASCAL and HotSpot, wet conditions, where rainfall enhances the removal of airborne
radionuclides, lead to increased groundshine. As a result, TEDEs are higher in wet conditions
than in dry conditions within the same stability classes, depending on the balance between
reduced airborne exposure (inhalation and cloudshine doses) and increased surface exposure
(groundshine). Particularly in wet conditions and at distances above 20 km, where RASCAL
transitions from a plume dispersion model to a puff model, the TEDE estimations of the two
codes are different. The two codes use different dispersion models, which causes this
discrepancy. Moreover, the varying wet deposition coefficients employed by RASCAL and

HotSpot increase the degree of uncertainty in dosage estimates.
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the dominating stability class of ‘E’.
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5.1.6.2 Intervention Distances for Sheltering-in-Place, or Evacuation

The corresponding distance limits for initiating sheltering-in-place or evacuation measures at
the lower (10 mSv) and upper (50 mSv) dose criteria, respectively, in various atmospheric
stability classes across different accident cases for EPA PAG dose criteria, are shown in
Figures 5-18 and 5-19. In Figure 5-18(a), for the PCM with INES level 7 of PCM_7a, the
calculated distance limit for stability class ‘B’ in the dry season is 2-3.7 km, while in Dry ‘E’, it
is 16-30 km. For CCM of INES level 7 in CCM_7c, the stability class ‘B’ during dry
conditions, the area up to 5-23 km around the release point requires these protective measures,
and it is greater than 70 km for dry ‘E’ conditions. In Figure 5-18(b), for stability classes ‘D’
and ‘E’ under wet conditions, the sheltering-in-place or evacuation zone extends up to 19-30
km in RASCAL and 17-53 km in HotSpot, based on wind speed and precipitation type. For the
CCM of INES level 6 in the accident of CCM_6a and CCM_ 6D, in Figure 5-18(a), for stability
class B in the dry season, it exceeds between 1 and 2 km, while in Dry ‘E’, it is 15-30 km.
Protective intervention measures are limited to shorter distances for these two cases due to their
ability to confine the radionuclides within the reactor and containment, compared to the
CCM_7c cases, although the reactor cores in these cases were completely melted down. Thus,
sheltering-in-place or evacuation should be implemented depending on plant status and
atmospheric conditions at the site. Figure 5-19(a & b) apparently shows that comparatively
lower initiating distances are required for the upper PAG intervention criteria of 50 mSv than

for 10 mSv, as shown in Figure 5-17(a & b).
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Figure 5-18: Average RASCAL & HotSpot estimated EPA PAG (4 Days TEDE >10 mSv) threshold distances (km) limit along prevailing wind
for Sheltering-in-place, or Evacuation with uncertainties in (a) dry and (b) wet weather of various stability classes from PCM and CCM state in

LTSBO.
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Figure 5-19: Average RASCAL & HotSpot estimated EPA PAG (4 Days TEDE >50 mSv) threshold distances (km) limit along prevailing wind for
Sheltering-in-place, or Evacuation with uncertainties in (a) dry and (b) wet weather of various stability classes from PCM and CCM state in

LTSBO.
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5.1.7 Seven days Exposure TEDE and Intervention Distances for Sheltering-in-Place, or

Evacuation

Cloudshine/submersion doses, inhalation CEDE, and 7-day groundshine are all included in the
7-day exposure TEDE, which was computed using HotSpot. In a stability class of "E," Figure
5-20 (a to c) displays the TEDE variation over distances for various accident cases in both dry
and wet conditions. Due to higher deposited radionuclides to groundshine, the 7-day TEDE is

higher in wet conditions than in dry ones in the same accidental case.

The distance limits for different accident cases and stability classes are displayed in Figure 5-
21 (a & b). The Bangladesh NNREPRP and IAEA GSR Part 7 criteria require sheltering-in-
place or evacuation at a dose of 100 mSv. The TEDE values for the CCM_7c¢ case in dry
conditions (stability class 'E') went over the limit by 9.5 km. The 21-km radius needs to be
protected during wet conditions. The required distance for PCM level 7 accidents is 3.5 km in
dry conditions and 12 km in wet conditions. Differences in dose calculations, especially far
field in stable ‘F’ class, between the HotSpot and RASCAL codes result in disparities in
intervention distances between the lower and upper bound dry F weather conditions. The main
cause of these discrepancies is the way each model (plume and puff) addresses radionuclide
deposition, dispersion, and ground-level concentration in HotSpot and RASCAL. The upper
and lower bound dry stability class F weather scenarios in Table 5-2 are based on 10 mSv dose
distances determined using the RASCAL far-field puff model, whereas Figure 5-21 displays

the plume model based on HotSpot outputs.
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Figure 5-21: NNREPRP and GSR Part 7 (7 Days TEDE>100 mSv) threshold distances (km) along prevailing wind for sheltering-in-place or
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5.1.8 Contour Area for Sheltering-in-place and Evacuation

The Table 5-3 shows how the size of areas requiring sheltering-in-place or evacuation changes
for different accident cases, based on HotSpot calculations for doses exceeding 10 mSv over 4
days TEDE and 100 mSv over 7 days TEDE, under a range of dry and wet weather conditions. In

general, the results highlight that both accident severity and meteorological conditions strongly

influence how large the protective zones become.

Table 5-3: HotSpot calculated Sheltering-in-place, or Evacuation contour area (kmz) for

>10 mSv of 4 Days TEDE & >100 mSv of 7 days TEDE [underline]

. Upper Upper Upper Upper Upper Upper Upper
Accident bound bound bound bound bound bound bound
Case ID DryB | DryC | DryE | DryF | WetC | WetD | WetE
PCM _7a 2.6 1.8 33 59 56 62 48

0.19 0.11 0.67 2 6.4 4.2 7.7
0.68 0.42 39 11 10 78 12
CCMEGa 0.047 | 0.026 0.12 0.31 0.48 0.25 0.82
0.95 0.6 6.6 19 37 37 33
CCM_6b 0.076 |  0.042 0.21 0.56 34 19 43
10 9.1 332 239 119 156 93
CCM_7c 0.72 0.44 44 15 24 21 23

For PCM _7a, the affected area remains relatively small under most dry conditions, typically
within a few square kilometers. However, when wet conditions are considered, the contour areas
increase noticeably, in some cases reaching several tens of square kilometers. This reflects the
added effect of rainfall, which enhances deposition and leads to higher accumulated doses over a

wider area.

The CCM_6a case consistently shows the least impact among all scenarios. Across both dry and
wet conditions, the sheltering or evacuation areas remain very limited, generally below a few
square kilometers, suggesting that protective actions would be confined to a small zone close to
the plant. CCM_6b represents a moderate case, with larger contour areas than CCM_6a. While
still limited under stable dry conditions, the affected area expands significantly under unfavorable

dry or wet weather, in some instances exceeding 30 km?.
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The sheltering and evacuation areas expand rapidly, reaching very large extents under the stable
E and F meteorological classes of the CCM_7c¢ scenario. Under wet conditions, these areas
remain extensive, covering well over 100 km? in some cases. Figure 5-22 shows the plume
contours generated using HotSpot and the dose footprints produced by RASCAL for the most

severe CCM_7c scenario, assuming a predefined wind direction of 0° under dry conditions.
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Figure 5-22: (a) Plume contour generated using HotSpot and (b) dose footprint produced

using the RASCAL code for the most severe scenario under dry E stability class
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5.1.9 Comparative Analysis of Thyroid Dose in RASCAL and HotSpot
5.1.9.1 Distance vs. Thyroid Dose in Different Accidental Cases and Weather Conditions

For the dominant stability class 'E', Figure 5-23(a to d) shows the committed thyroid dose by
HotSpot and the child thyroid CDEs calculated by RASCAL for various incidents in both dry
and wet situations. RASCAL declined gradually with distance; however, HotSpot shows a
somewhat faster reduction due to plume depletion factor accounting. Both models initially
report higher thyroid doses in wet settings than in dry ones because of increased exposure to

groundshine from deposited iodine.

The spatial variation in thyroid dose for various stability classes in the worst CCM level 7
accident is depicted in Figure 5-24(a & b). The committed thyroid dose (70000 mSv) in
HotSpot at 0.5 km is lower than the child thyroid CDE (85300 mSv) in dry weather. Since
children's thyroids retain more radioactive iodine than adults', RASCAL accounts for higher
iodine absorption in children one year of age when calculating thyroid doses for them.
RASCAL incorporates cloudshine, and inhalation exposure pathways, while HotSpot primarily
takes inhalation into account. However, HotSpot does not distinguish between children and

adults, which could result in an underestimation of children's exposure.

Based on the child thyroid CDE of EPA PAG criteria, Figure 5-25 displays the distance limits
for iodine prophylaxis using the RASCAL code under 360 weather conditions. In both dry and
wet conditions, it shows different stability classes ‘B’, ‘C’, ‘D’, ‘E’, and ‘F’. lodine
prophylaxis is required when projected doses for CCM_7c reach 50 mSv. Black indicates wet
weather, while other colors indicate dry conditions. The distance needed for iodine prophylaxis

ranges from 10 km to more than 80 km, depending on the stability class and weather.
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Figure 5-23: Thyroid dose vs. distance comparison: (a, c¢) dry and (b, d) wet weather for dominant stability class of ‘E’ from PCM and CCM state
in six LTSBO cases; where (a, b) RASCAL child thyroid CDE and (c, d) HotSpot committed thyroid dose; *------- »indicate NNREPRP, IAEA
GSR Part 7, and EPR PAG threshold dose for iodine administration.
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Figure 5-24: Thyroid dose vs. distances comparison: (a) RASCAL calculated Child thyroid CDE and (b) HotSpot calculated committed thyroid
dose for various stability classes in worst accident case; *------- » indicate NNREPRP, IAEA GSR Part 7, and EPR PAG threshold dose for

Todine administration.
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Figure 5-25: Month-wise 360 weather scenarios distances limit for lodine prophylaxis based on PAG criteria of 50 mSv child thyroid CDE during
worst-case in LTSBO.
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5.1.9.2 Intervention Distances for ITB Agent

According to Bangladesh NNREPRP, IAEA GSR Part 7, and EPA PAG criteria for 50 mSy,
iodine prophylaxis is needed within the distances listed in Figure 5-26(a & b) for RASCAL
and HotSpot codes across various accident cases and stability classes. For the dominant dry
weather condition (stability class 'E'), figures show that thyroid doses exceed the criteria at
distances of 30-56 km for a level 7 accident with PCM (case PCM_7a) and over 80 km for
CCM (case CCM_7c). In contrast, under dominant wet weather conditions (stability class 'D'),
the distance limits are 14-34 km for CCM and 4-18 km for PCM for level 7 accidents,

depending on wind speed and precipitation type.

INES Level 6 accidents of cases CCM_6a and CCM_6b are due to their comparatively lower
iodine release activities than other cases, smaller thyroid doses, and shorter intervention
distances. The distance limits are 8.5-31 km for CCM_6a and 6-20 km for CCM_6b. The
relatively smaller distances in CCM_6b are due to radionuclides being contained for 24 hours
before release, and only 1% of the release consists of iodine, resulting in a noble gas to iodine

ratio of 296:1. In this case, protective measures are based on TEDE rather than thyroid doses.
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Figure 5-26: Average child thyroid CDE (RASCAL) and committed thyroid dose (HotSpot) threshold dose (>50 mSv) distances (km) limit along
prevailing wind for lodine prophylaxis with uncertainty in (a) dry and (b) wet weather of various stability classes from PCM and CCM state in

LTSBO.
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5.1.10 First Year Intermediate Phase TEDE and Relocation Distances

Figure 5-27 shows how the first-year intermediate-phase TEDE varies in different stability
classes during the PCM and CCM states in the LTSBO event, with a relocation dose limit of 20
mSv. During CCM state for dry weather conditions of ‘E and ‘D,’ stability class first-year
intermediate projected doses are approximately 1000 to 10000 mSv near the plant site, while in
wet weather for the same stability class, it is nearly 100000 mSv with higher projected
intermediate doses near the site area compared to dry weather. In the PCM state, the projected
doses are nearly 1000 mSv for dry conditions, while the doses are nearly 10000 mSv for wet
conditions. The relocation threshold distance for different scenarios is presented in Figure 5-

28.
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Figure 5-27: 1* year Intermediate phase TEDE vs. distances for various stability classes from
PCM and CCM state in LTSBO where intersect of horizontal axis indicate EPA PAG threshold

dose (20 mSv) for relocation.

Figure 5-28 shows the comparative relocation distance with corresponding impact areas that

exceeded the relocation threshold of 20 mSv for various stability classes in PCM and CCM
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states during the LTSBO event. A larger relocation distance is required for dry, stable weather

conditions of the ‘E’ stability class, approximately 56 km (impact area above 400 km?), while

for wet weather of the same stability class, it is 23 km (impact area above 250 km?) during the

CCM state.

In the PCM state, the required relocation distances are 22 km and 16 km,

respectively, for dry and wet ‘E’ stability classes. For the stability class ‘B,” the required

relocation distances are much shorter than for the ‘E’ stability class. Relocating people in

densely populated areas like Rooppur could be challenging. Emergency planners need to focus

on areas with high exposure risks while also considering vulnerable populations, the needs for

infrastructure, and how long displacement may last. In addition, environmental conditions,

shielding, and cleanup efforts play a critical role in relocation decisions (US EPA, 2017).
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5.1.11 Sensitivity Results of Particle Numbers, Concentration Grid and Release Height in
HYSPLIT

Figure 5-29 shows the time-averaged normalized air concentration distribution pattern for
different particle numbers and concentration grid combinations. According to the HYSPLIT
User’s Guide and in Figure 5-29, finer grid resolutions (e.g., 0.01°) can offer more detailed
spatial representation of the particles but be associated with significantly increased
computational and storage demands. Conversely, coarser grids (e.g., 0.1°) excessively smooth
spatial gradients and reduce the accuracy of local concentration, deposition, and dose
estimates—especially in areas with complex terrain or variable meteorological conditions
(Stein et al., 2015). Using a grid resolution of 0.05° % 0.05°, which is roughly 5-6 km, strikes a
good balance between capturing spatial details and keeping computations manageable. This
resolution is sufficient to represent local variations in both air concentration and ground

deposition (Faisal & Islam, 2025°).

When looking at a specific concentration grid, increasing the number of particles from 100 to
1,000 produces a noticeably smoother distribution. At 10,000 particles, the distribution
becomes very smooth with a clearly defined center, though the edges remain slightly uneven.
Increasing the particle count beyond this does not significantly change the concentration
patterns but does add considerably to computational time. On the other hand, using fewer than
10,000 particles—around 83 per hour, for example—can lead to sampling errors and

inconsistencies (Faisal & Islam, 2025).

Figure 5-30 (a & b) shows how peak time-averaged normalized air concentrations and peak
cumulative normalized ground deposition vary across different test runs. Four particle counts
were used—100 (8.3/hr), 1,000 (83.3/hr), 10,000 (833.3/hr), and 100,000 (8,333.3/hr)—along
with four concentration grid sizes: 0.01°, 0.025°, 0.05°, and 0.1°. To provide a conservative
estimate, the analysis did not focus on any specific receptor location. Instead, the highest
values within the modeled domain were considered to represent maximum potential exposure

(Faisal & Islam, 2025").

* Article published from this thesis
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Figure 5-29: Time-averaged Normalized air concentration distribution pattern for different particle numbers and concentration grid combination in

* Article published from this thesis

HYSPLIT sensitivity test (Faisal & Islam, 2025*).
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Figure 5-30: Comparative HYSPLIT sensitivity tests showing (a) time-averaged normalized

air concentration and (b) cumulative normalized ground deposition across grid resolutions and

particle numbers; (c) CDCI1-to-GDAS1air concentration/ ground deposition ratios; peak air

concentration/ground deposition variations with (d) grid resolution and (e) particle number

changes under both datasets (Faisal & Islam, 2025).

Figure 5-30(c) shows that normalized air concentrations are 2 to 3 times higher when using the

CDC1 meteorological dataset compared to GDASI1. This is because CDCI uses a coarser grid

of 2.5° with 6-hour intervals, while GDASI provides a finer 1° grid with 3-hour intervals.

Coarser grids tend to smooth out variations in wind speed, precipitation, and turbulence over

large areas, which can make pollution levels appear higher. This happens because smaller-scale

weather patterns, which influence how pollutants spread, are not captured in the coarser data

(Faisal & Islam, 2025). They may also underestimate how much pollutants are removed by

rain, spread emissions over larger areas, and ignore the effects of terrain and weather. As a

* Article published from this thesis
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result, the observed pollution levels may be uncertain (Draxler & Hess, 1998; Stein et al.,

2015).

Figure 5-30(d & e) shows how peak time-averaged normalized air concentrations and
cumulative normalized ground deposition change when either the concentration grid or the
particle number is varied. In Figure 5-30(d), the ratios B1/B2 and B2/B3 represent the change
in maximum normalized air concentration or ground deposition as the grid resolution shifts
from 0.01° to 0.025° (B1/B2) and from 0.025° to 0.05° (B2/B3), using 1,000 particles
(83.3/hr). For a 0.01° grid, the air concentration is 4.4 times higher (2.6 x 1.7) than for a 0.05°
grid in the CDCI1 dataset, while in the GDASI1 dataset, it increases by 6.5 times (2.7 X 2.4)
(Faisal & Islam, 2025"). Pollutant dispersion in a finer (1-degree for GDAS1) concentration
grid captures localized concentration peaks more accurately, allowing smaller areas to reflect

higher concentrations (Stein et al., 2015).

In Figure 5-30(e), the ratio at points B3/C3 shows how the maximum normalized air
concentration or ground deposition changes when the particle number increases from 100
(8.3/hr) to 1,000 (83.3/hr), while the C3/D3 ratio reflects the change from 1,000 to 10,000
particles, using a 0.05° concentration grid. Ratios close to one for these particle increases—
especially on 0.01°, 0.025°, and 0.05° grids—indicate that the simulations are numerically
converging. The sensitivity tests in Figure 5-29 further show that increasing the number of
particles produces smoother air concentration distributions, with counts between 1,000
(83.3/hr) and 10,000 (833.3/hr) per hour resulting in stable and uniform concentration fields.
(Faisal & Islam, 2()25*).

The modeling parameters—particle numbers between 1,000 (83.3/hr) and 10,000 (833.3/hr)
along with a 0.05° concentration grid—offer a practical balance between simulation accuracy
and computational effort. The chosen grid resolution allows for spatially detailed results, while
the selected particle count provides stable and reliable representations of atmospheric

dispersion without placing excessive demands on computing resources (Faisal & Islam, 2025).

Figure 5-31(a to ¢) shows sensitivity results for release height variation using 100 particles

* Article published from this thesis
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(8.33/hr) and a 0.05° concentration grid. For each release height, air concentration was
measured within 0-200 m and 0—100 m vertical grids, while ground deposition was evaluated
at 0 m. As release height increases, both air concentration and ground deposition decrease
(Figure 5-31(a). Narrower measurement grids result in higher observed concentrations due to
reduced vertical dispersion. Higher-altitude releases encounter stronger, more variable winds,
spreading pollutants over a wider area and reducing ground-level impact (Draxler & Hess,
1998; Stein et al., 2015). Figure 5-31(b) shows air concentration and ground deposition values
are about three times higher with the CDC1 dataset compared to GDASI. Figure 5-31(c)
further illustrates how much variation of peak air concentration and ground deposition with

release height variation.
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Figure 5-31: (a) Time-averaged normalized air concentration and cumulative normalized

ground deposition variation for different release height in CDC1 and GDAS1 meteorological
data; (b) CDC1 to GDAS1 simulation ratio; (c) Ratios of simulation outputs for varying release
heights to 100 m concentration grid in HY SPLIT sensitivity testing.
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5.1.12 Selection of Simulation Run Time in HYSPLIT during LTSBO Accident

Figure 5-32 shows how the highest ground deposition changed over simulation run time after a

CCM accidental 10 hr release. It uses weather data from two sources (GDAS1 and CDC1) for

January and July 2022. The amount of deposited material initially increased over several days.

The observed peak ground deposition values leveled off between 312 and 360 simulation hours

(about 13 to 15 days). For this reason, a 15 days (360 hr) simulation run time was selected for

these LTSBO accident cases.
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Figure 5-32: Max. cumulative ground deposition (Bg/m?) as a function of simulation time.
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5.1.13 Air Concentration and Ground Deposition Distribution of LTSBO event

APPENDIX F presents the monthly wind rose diagram from January to December for the
years 2021 and 2022 using GDAS1 and CDC1 meteorological datasets. The diagrams are based
on 84- hour wind speed and wind direction data starting on the 15™ of each month, collected
from the NOAA Air Research Laboratory Ready web server
(https://www.ready.noaa.gov/ready2-bin/mainarc.pl) for the Rooppur site at latitude 24.07° and
longitude 89.1°. During the dry weather of months from November to April, the wind
predominantly blows from northwest to southwest, as shown in the wind rose diagrams. While,
during the wet weather months from May to October, the dominant wind direction is southeast.
For air concentration and ground deposition distribution during the LTSBO event, Janauary
was selected to represent dry weather and July for wet weather conditions. APPENDIX G
presents the Pasquill Stability Class variations over 84 hours starting from the 15" of January
and July for the years 2021 and 2022, based on GDAS1 and CDC1 Meteorological Data, can

also affects the air concentration and ground deposition distribution.

5.1.13.1 Distribution Pattern in Dry Weather Month of January

Figure 5-33 shows how the radioactive plume from the LTSBO CCM accident evolved and
moved during dry weather month of January for GDAS1 meteorological dataset. According to
Figure 5-33(a), within the first day, the plume left the southern part of Bangladesh and spread
over 400 km into the Bay of Bengal. From Figure 5-33(h) as expected, extremely high activity
levels were observed at the accident site, reaching volumetric air concentration of 9.9 x 10*
Bg/m3. Increased activity levels over 10,000 Bg/m? were also found more than 50 km from the
site, mainly in the direction of the prevailing southerly winds. The areas of Kushtia,
Kumarkhali, Jhenaidah, Jashore, and the surrounding areas had the highest levels of airborne
radioactivity on the first day of the release. With volumetric air concentrations ranging from 10
to 10° Bg/m?, contamination was found throughout the entire southwestern region of

Bangladesh.

However, due to the short half-life of the iodine-131 isotope—responsible for the increased
radioactivity—a rapid decline in airborne activity was expected over the following days. For
example, on the first and second days after the accident as shown in Figure 5-33(b & c), peak

[134]


https://www.ready.noaa.gov/ready2-bin/extract/extracta.pl

Chapter 5, Part-A Results and Discussions

activity levels differed by about two orders of magnitude. While activity levels continued to
decline, they did so at an uneven rate. During plume moving to the south, other regions of
Bangladesh were unaffected by the radioactive cloud. By the second day, the plume had
traveled more than 1,000 km from the accident site. By the third day, the most radioactive part
of the plume had traveled approximately 1,500 km from the accident site and was positioned
over the central Bay of Bengal. On the fourth day as shown in Figure 5-33(d), the plume's
highest activity concentration was located over Sri Lanka, and the maximum time-averaged
normalized air concentration had dropped from 5.2 x 107'° m™ on the first day to 2.7 x 1071

m3

From the second day, a significant change in weather occurred, as upper-level winds shifted
part of the plume’s direction, causing it to move back north along with continuing out to sea.
As a result, the plume spread across large areas of Myanmar and into Thailand. In the
following days, persistent northerly winds at higher altitudes caused the radioactive cloud to
shift back and forth, expanding the affected area from parts of western Thailand to southern
regions of China. The time-averaged normalized air concentration of airborne activity in the

most radioactive part had dropped to 2.3 x 1072 m™.

Figure 5-34(a to e) shows the cumulative distribution patterns of radioactivity deposition for a
release rate of 1 Bg/hr on the first, second, third, fifth, and seventh days. During this time, the
radioactive cloud impacted southern Bangladesh, extending beyond Satkhira and Khulna to the
western and southern coastal areas of the Sundarbans. According to Figure 34(f & g) for the
accidental release rate of CCM release duration for 10 hours, cumulative ground deposition
levels in southward regions of 100 km after the first and seventh days ranged from 104 to 105
Bg/m2. However, a 40 km-wide area in southwestern Bangladesh had levels as high as 10°
Bg/m?. In addition, the cumulative ground deposition levels after seven days were roughly 107
Bg/m? in a smaller area of about 5 to 7 km, which includes the southern part of the Ishurdi
region. The immediate fallout of radioactive material was responsible for most of the

deposition at the accident site before the wind dispersed the plume.
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Figure 5-33: (a to g) Time-averaged normalized air concentration (/m?) distribution

respectively at 1% to 7™ day ( dry weather month of January (15-21), 2022) for the unit

release rate (1 Bg/hr) and (h) Volumetric air concentration (Bq/m3) distribution at 1% day for

10 hr release during CCM LTSBO accident scenario from the 30 m release height in GDASI1

meteorological Data.
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Figure 5-34: (a to ¢) Cumulative normalized ground deposition (/m?) distribution
respectively after 1 day, 2 days, 3 days, 5 days, and 7days from release starts at dry weather
month of 15™ January 2022 for the unit release rate (1 Bq/hr) and (f & g) cumulative
ground deposition (Bq/mz) distribution after 1 day and 7 days for 10 hr release during CCM

LTSBO accident scenario from the 30 m release height in GDAS1 meteorological Data.
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To accurately connect the observed air concentration and deposition patterns with
meteorological conditions, we need to analyze air mass movements at various atmospheric
levels rather than just at 30 meters high. Figure 5-35 illustrates the forward trajectory patterns
at 24-hour intervals, starting from altitudes of 30 m, 500 m, and 1,000 m under dry weather
conditions. Two distinct meteorological datasets, GDAS1 and CDCI1, were used to gather this
data for January 15™ of 2021 and 2022. The vertical profiles of these trajectories at each

altitude are also displayed in the figure.

The Figure 5-35 demonstrates that on most days, during 30 m release height, the radioactive
plume follows a 30-meter trajectory, with a few deviations. When released at heights of 500
meters or 1,000 meters, the plume becomes more spread out and widens over time. Even
though it starts at these higher altitudes, the plume tends to stay below 500 meters as days
progress. Once released, the plume is influenced by wind patterns that correspond to its release
altitude. While it may initially follow a specific path at 500 meters or 1,000 meters, it starts to
expand both horizontally and vertically. This expansion causes some parts of the plume to be
caught by air masses at different altitudes, which can have their own trajectories. As a result,
while the main body of the plume may stick to its established path, smaller fragments of
radioactive material can be carried in different directions by air masses at higher or lower
altitudes. This dynamic explains why the area affected by the radioactive cloud expands over

time and how radioactive deposition can occur in places not directly along the main trajectory.

The airborne concentration and ground deposition patterns mentioned earlier are affected by
the spatial distribution of particle positions, along with the meteorological conditions present
during the accident. As shown in Figure 5-36, over time, the number of simulated particles
decreased significantly. On the first day, more than 10,000 particles were tracked within a 10-
hour period, but by the seventh day, this number fell to just over 1,000. By the eighth day, no

particles remained.
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Figure 5-35: Airflow forward trajectories pattern at 24 hr intervals starting at 30 m, 500 m,

1000 m release height during dry weather month of January 2021 and 2022 for two

meteorological datasets with vertical profiles of trajectories.
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5.1.13.2 Distribution Pattern in Wet Weather Month of July

Based on GDAS1 meteorological data, Figure 5.37(a to h) illustrates the changes in air
concentration over the first seven days following the LTSBO-CCM event, which occurred in
July 2022 during wet weather month. Figure 5-37(a & h) show that the plume had an impact
on Bangladesh's northwest on the first day. The most radioactive part was concentrated in a
narrow strip spanning approximately 30 km across the Ishurdi-Pabna, Lalpur—Natore, and
Bagha—Rajshahi areas. The peak volumetric air concentration levels near the release point is on
the order of 10* Bq/m?. Within the first 24 hours, the radioactive plume spread approximately

800 km toward the north-central region of India. ,

By the second day, the plume’s activity levels had decreased by two orders of magnitude in its
most radioactive zone, ranging between factors of 10"* and 107® m™3, compared to 1071° to
107 m™ on the first day of time-averaged normalized air concentration. The most active
portion of the plume had by then shifted to the north-central region of India, approximately
1,000 km from the accident site, affecting only the northern part of Bangladesh. On the third
day, the plume continued to disperse toward the northwest, nearing the Pakistan border. At that
time, the most active part of the plume exhibited a normalized air concentration of

approximately 2.2 x 1072 m™,

Figure 5-38(a to g) displays the cumulative ground deposition of radioactivity after the
accident based on the meteorological data from GDAS during the wet weather month of July
2022. The oscillating movement of the radioactive cloud across the region caused significant
deposition in northeastern India. According to Figure 5-38(f), after first day of the accidental
release, the highest levels of deposition were found in northwestern Bangladesh, such as
Ishurdi—Pabna, Lalpur, Boraigram—Natore, and Bagha—Charghat in the Rajshahi district
recorded values exceeding 10° Bg/m? within a 60 km distance. The elevated deposition in
northeastern Bangladesh resulted from the plume's location over this region during the initial

24 hours.

As shown in Figure Figure 5-38(g), seven days after the accident, the cumulative ground
deposition affected areas up to 100 km from the release point in the order of 10° Bq/m2. It

crossed Bangladesh through the Chapainawabganj district, impacting regions like Ishurdi,
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Natore, and Rajshahi. In northern West Bengal, particularly in Murshidabad, Berhampore, and

parts of Jharkhand, cumulative ground deposition levels ranged from 1000 to 10000 Bg/m?.
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Figure 5-37: (a to g) Time-averaged normalized air concentration (/m’) distribution

respectively at 1% to 7t day (wet weather month of July (15-21), 2022) for the unit release

rate (1 Bg/hr) and (h) Volumetric air concentration (Bq/m3) distribution at 1 day for 10 hr
release during CCM LTSBO accident scenario from the 30 m release height in GDAS1

meteorological Data.
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Figure 5-38: (a to ¢) Cumulative normalized ground deposition (/m?) distribution

respectively after 1 day, 2 days, 3 days, 5 days, and 7days from release starts at wet weather

month of 15" July 2022 for the unit release rate (1 Bg/hr) and (f & g) cumulative ground

deposition (Bq/mz) distribution after 1 day and 7 days for 10 hr release during CCM LTSBO

accident scenario from the 30 m release height in GDAS1 meteorological Data.
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Airflow forward trajectories of the radioactive cloud vary significantly under CDC1 and
GDASI1 meteorological datasets in the year of 2021 and 2022 for the wet month of July are
shown in Figures 5-39. These trajectories tend to rise to higher altitudes, often exceeding 5000
meters over time. In contrast, during dry month of January, trajectories stay lower and move
more slowly. Air parcels mostly stayed over northern Bangladesh on the first day during July
2021 (Figures 5-39(a & b) trajectories), but in July 2022 (Figures 5-39(c & d) trajectories),
the trajectories quickly crossed Bangladesh and entered West Bengal. However, in the wet
weather month of July, the trajectories quickly exit the release area, traveling as far as 800 km
in just one day. In contrast, it takes approximately two days to cover the same distance during

the dry weather month of January.

On the third and fourth days, upper-atmospheric winds transported the radioactive cloud
eastward. The plume was located over Assam and Thailand in the July 2021 scenario. Over the
subsequent three days, the plume became more dispersed and was carried westward for CDC1
datasets, impacting a broad region bordered by India on the western side and extending the
radioactive influence. By the end of the seven-day period, the trajectories for July 2021 extend
as far as the southern regions of China, crossing Assam and Myanmar over a span of 1,000 km
for GDASI. For both datasets during July 2022, the trajectories cross central India and reach

the eastern part of Pakistan.
Figure 5-40 illustrates how the quantity of simulated particles dramatically dropped over time.

Over 10,000 particles were monitored in ten hours on the first day, but by the seventh day, that
number had dropped over 3,000. There were no simulated particles left after the eighth day.
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Figure 5-39: Airflow forward trajectories pattern at 24 hr intervals starting from 30 m, 500 m,

1000 m release height during wet weather month of July 2021 and 2022 for two

meteorological datasets with vertical profiles of trajectories.
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5.1.14 Release Height Effects in Air Concentration and Ground Deposition

The height of the release affects the atmospheric spread of radioactivity. Simulations were
carried out at two elevations—30 meters (the equipment hatch position at 30 meters is the most
likely to leak) and 500 meters ( due to buoyant lift) above ground level—to assess the effect of
release height. When radionuclides are released straight from the reactor building without any
mechanical or buoyant lift, the release height is 30 meters. The 500-meter release height, on the
other hand, allows for broader dispersion because of the higher elevation, simulating a scenario

in which emissions are forcefully injected into the upper atmosphere.

Figures 5-41 and 5-42(b & d) depict the air concentration evolution and cumulative ground
deposition patterns for the 500-meter release, respectively. The 30-meter release results for air
concentration and ground deposition are shown in Figure 5-33 and Figure 5-42(a & c),
respectively. In comparison to the 500-meter release, the 30-meter scenario had roughly three
times the maximum air concentrations and six times the ground deposition on the first day after
the release. By the second day, both heights' spatial distributions of the plume and related air
concentrations seemed comparable. In the next few days , significant variations in the time-
averaged air concentration arose, demonstrating the complex connection between vertical

release levels and atmospheric transport and plume behavior.
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Figure 5-41: (a to g) Time-averaged normalized air concentration (/m’) distribution

respectively at 1% to 7t day ( dry weather month of January (15-21), 2022) for the unit

release rate (1 Bg/hr) and (h) Volumetric air concentration (Bq/m3) distribution at 1% day of

10 hr release during CCM LTSBO accident scenario from the 500 m release height in

GDASI1 meteorological Data.
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Figure 5-42: 15 days after cumulative normalized ground deposition ( /m”) patterns from
(a) 30 m height (b) 500 m height for unit release rate (1 Bg/hr) and Cumulative ground
deposition (Bq/mz) from (c) 30 m height (d) 500 m height for CCM LTSBO of 10 hr release
starting during dry weather month of January 15", 2022.

5.1.15 Release Duration Effects in Air Concentration and Ground Deposition

The overall quantity of radioactive material carried from the source to possible receptors is
influenced by the duration of release. A short-duration release that simulated a 3-hr accident
(PCM) and a longer-duration release that simulated a 10-hr event (CCM) were the two
scenarios that were investigated in this study. The air concentration development over the first
seven days following the 3-hr release is depicted in Figure 5-43, and the results for the 10-hr
scenario are shown in Figure 5-37. The results show that, in comparison to the 3-hr scenario,

the 10-hr release produces noticeably higher air concentrations. This demonstrates how longer
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release times raise atmospheric radioactivity, which may have more detrimental effects on the

environment and human health.
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Figure 5-43: (a to g) Time-averaged normalized air concentration (/m?) distribution
respectively at 1% to 7" day (wet weather month of July (15-21), 2022) for the unit release
rate (1 Bq/hr) and (h) Volumetric air concentration (Bq/m’) distribution at 1* day of 3 hr

release during PCM LTSBO accident scenario from the 30 m release height in GDASI1

meteorological Data.

Furthermore, for both release duration scenarios, Figure 5-44 shows the cumulative ground
deposition of radioactive material over a period of 15 days. In both instances, the highest
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deposition occurs in the same area, which is located near the release site. In the 10-hr release

scenario, the maximum cumulative ground deposition is 1.2 x 107 Bq/m?. In contrast, the 3-hr

release results maximum deposition of 4.9 x 10® Bg/m?. This indicates that a longer release

duration significantly increases ground contamination levels and expands the affected area. A

longer emission period allows more radioactive material to be transported and deposited, which

heightens the overall environmental impact.
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Figure 5-44: (a & b) 15 days Cumulative normalized ground deposition (/m?) patterns for

unit release rate (1 Bg/hr) in (a) CCM of 10 hr release (b) PCM of 3 hr release and

Cumulative ground deposition (Bg/m?) from accidental release during LTSBO event (c)

CCM of 10 hr (d) PCM of 3 hr, release starting at 15™ of wet weather month July 2022 from

30 m heights.
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5.1.16 GDASI1 and CDC1 Meteorological Dataset Effect

In both the CDC1 and GDAS1 meteorological datasets, respectively as shown in Figures 5-45
and 5-33, the radioactive cloud crossed the country by the second day following the release,
primarily moving in a southwesterly direction in January and in a northwesterly direction in
July (Figure 5-37). This rapid transport of air masses at all altitudes also accounts for the sharp
decline in deposition flux values on either side of the plume’s path. Therefore, the radioactive
plume originating from the Rooppur accident predominantly impacted a limited region, largely

determined by prevailing wind directions at the time of the release.

Figure 5-46 presents the development of ground deposition over the first 15 days of simulation
using the CDC1 meteorological dataset, while corresponding results for the GDAS1 dataset
under the same accident scenario and parameters are shown in Figure 5-40. The maximum
deposition levels are significantly higher in the CDCI1 case. In the first day after the accident,
the CDC1 dataset predicts a peak cumulative ground deposition of 8.5 x 107 Bg/m?2 In
comparison, the GDAS dataset estimates a much lower peak of 2.0 x 10® Bq/m? for a similar
event. Additionally, the CDCI1 dataset shows a larger affected area, underscoring how

important meteorological input data is for atmospheric dispersion modeling.
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Figure 5-45: (a to g) Time-averaged normalized air concentration (/m’) distribution
respectively at 1% to 7t day (dry weather month of January (15-21), 2022) for the unit
release rate (1 Bg/hr) and (h) Volumetric air concentration (Bq/m3) distribution at 1% day of
10 hr release during CCM LTSBO from the 30 m release height in CDC1 meteorological

Data.
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Figure 5-46: (a to f) Cumulative normalized ground deposition (/m?) distribution respectively after 1 day, 2 days, 3 days, 5 days, 7days, and 15

days from release start at wet weather of July 15™ , 2022 for the unit release rate (1 Bg/hr) and (g &h) Cumulative ground deposition (Bg/m?)

distribution after 1 day, 7 days, and 15 days for 10 hr release during CCM LTSBO from the 30 m release height in CDC1 meteorological Data.
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5.1.17 Air Concentration Uncertainty-Meteorological Data and Physics Model Ensemble

Figure 5-47(a & b) illustrates the probability distribution of air concentration based on
meteorological data ensembles at an adjacent grid location near the Rooppur site along the
plume direction with latitude and longitude coordinates of 24.0°N, 89.1°E for January and July.
The concentration values come from the prob{xx} files of the ensemble analysis, which
represent different points shown in the box plot. The 5™ and 95™ percentiles are indicated by
the circles. The whiskers extend to reveal the 10™ and 90™ percentiles, while the box plot's
boundaries show the inter-quartile range, more precisely the 25" and 75™ percentiles. The line
inside the box indicates the median concentration value, and a plus sign indicates the mean
value. The plot depicts spanning 1-hr intervals. For the 10™ to 90 percentile range, the
concentration values vary by approximately one to three orders of magnitude for the month of
January, whereas for the July dataset, the variation is above two orders of magnitude. This
significant range is primarily due to the alteration of meteorological data by shifting one grid

point, highlighting the sensitivity of concentration values to meteorological gradients.

Figure 5-48(a & b) displays box plots generated from the physics ensemble, which is based on
20 different variations. The ranges are narrower compared to those observed in the
meteorological grid ensemble, within one to two orders of magnitude, particularly in the

quartile range.
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Figure 5-48: Air Concentration Box plot distributions for Physics Model Ensemble (a dry
(January) and (b) wet (July) months of 2022 in GDAS1 Meteorological Dataset.

[156]



5.2 PART-B: Assessment of Emergency Planning Zones

For estimating the size of the EPZ, individual dispersion and dose assessments are performed
for two assumed accident scenarios under 360 different weather conditions. The objective is to
determine, with associated uncertainties, the required distances to satisfy the four dosimetric
criteria for the PAZ and UPZ under various protective measures. The resulting exceedance
distances are compiled into frequency distributions and cumulative histograms, showing the
percentage of weather scenarios corresponding to each distance (Faisal et al., 2025"). Based on
the distances exceeded in 95% of all scenarios and considering the effectiveness of emergency

response measures, the approximate EPZ size for the Rooppur NPP is determined.
5.2.1 RBE Weighted Absorbed Dose to Red Bone Marrow (AD rcd bone marrow)
5.2.1.1 Exceeded Distances for AD ,ed bone marrow D0s€ Threshold

For PAZ size estimation, 1-day sheltering effects in red bone marrow dose are considered.
Long-term sheltering effects (4-day sheltering) are also evaluated due to the large contribution
of the ground shine in red bone marrow dose if early evacuation is not possible. Figure 5-49(a
& b) shows the distances at which the PAZ dosimetric thresholds for 1 Gy of AD:ed bone marrow
are exceeded to avoid severe deterministic effects in 360 weather scenarios with
monthly/seasonal variation for LBLOCA and LTSBO events. If an individual is sheltered in a
house for one day, the IAEA threshold of 1 Gy is projected to be exceeded within 0.3-2.6 km
for daytime release and within 0.5-2.6 km for nighttime release in an LBLOCA event, whereas
for an LTSBO event, the exceeded distances are within 0.4-3.7 km for daytime release and
0.8-3.8 km for nighttime release. During periods of moderate to heavy rainfall, the required
distances increased for both scenarios. This is because rainfall enhances ground deposition
further downwind, potentially expanding the area of concern for contamination control.
Radiological doses via groundshine—one of the main exposure pathways to the red bone
marrow—are considerably higher in rainy conditions, particularly between April and
September, compared to dry weather periods from October to March. The threshold distances
that exceed 1 Gy for acute doses of red bone marrow are nearly within 0.3-0.4 km for daytime
and 0.5-0.8 km for nighttime release during no-rain scenarios in LBLOCA, while it is 0.4-1

km during LTSBO events.

* Article published from this thesis
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If house sheltering is implemented for a longer period of time (4 days), the exceeded distances
from the site are within 0.5-5.3 km in LBLOCA events and 0.7-7.5 km in LTSBO events. In
the absence of rain, particularly during the dry weather, the exceeded distances are roughly
0.5-1.2 km for an individual sheltering 4 days in a house during LBLOCA release and 0.7-2.2
km in LTSBO. During rainy situations for 4 days of sheltering, the exceeding distances in
LBLOCA reaches above 2.5 km and 4 km in LTSBO (Faisal et al., 2025*).

Distances are not exceeded beyond 0.5 km in LBLOCA and 0.7 km in LTSBO for an
individual sheltering in a large building for one day. The exceeding distances for the four days
of sheltering in a large building are within 0.9 km for LBLOCA events and 1.4 km for LTSBO

events (Faisal et al., 2025*).
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Figure 5-49: Month-wise 360 weather scenarios exceeded distances for PAZ dosimetric
criteria (1 Gy of ADred bone marrow) Under different sheltering measures for (a) LBLOCA and (b)
LTSBO (Faisal et al., 2025).
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The frequency distribution and covered percentage weather scenarios for exceeding the PAZ

dosimetric criterion distances, receiving 1 Gy of ADxed bone marrow i @ day, experiencing 4 days

of house sheltering, and the effects of large building sheltering for LBLOCA and LTSBO

events are shown in Figure 5-50(a to h). The percentage of weather scenarios covered as a

function of distance is shown by cumulative histograms created based on the exceeded

distances of the 360 weather scenarios in Figure 5-49(a & b). The maximum distances at

which red bone marrow threshold doses exceed 95% of all weather scenarios for 1-day house
sheltering are 1.2-1.5 km in LBLOCA and 2.5-3.0 km in LTSBO; for 4-day sheltering, they
are 4.0-4.5 km in LBLOCA and 6.5-7.0 km in LTSBO (Faisal et al., 2025).

LBLOCA_House Sheltering_1 day

=
S
=

75.

Frequency
N B o
o 8 &8 & &

LBLOCA_Large Building Sheltering_1 day

LBLOCA_House Sheltering_4 days

[
5B
S 3

100 S km,

Frequency
N s o o
S8 8838

o

LBLOCA_Largebuilding Sheltering_4 days

160 100%
140 [akm, gg::
, 120 78.89% 20%
¢ 100 60%
g & 50%
§ e 0
& 4 20%
20 10%
0 0%

030405060708 1 1.21.5 2 2.6 01 0.2 03 0.4 05 MeadNONGmnYn® 0.2 03 04 05 06 0.7 08 09
. . o oo N 0n < n - - : - 3 " 3 -
Exceeded distances (km) for 1 Gy of Exceeded distances (km) for1 Gy of Exceeded distances (km) for 1 Gy o Exceeded distances (km) for 1 Gy of
L1 S—— _ L Rp— AD, o [LI—
WFrequency -#-Cumulative weatherscenarios % I Frequency-#Cumulative weather scenarios % -Frequency-l-Cumuraﬂveweatherscenarios% I Frequency-#-Cumulative weather scenarios %
(a) (b) (c) (d)
LTSBO_House Sheltering_1 day LTSBO_Large Building Sheltering_1 day LTSBO_House Sheltering_4 days LTSBO_Large building Sheltering_4 days
140 ;g%%
Ju - Fr
> 0100 - == 70%
H S 80 77.78% 60%
v
] 3 50%
2 T &0 40%
[ .l 30%
£ ® i
0 J——— 0%

Th@O NS Nmn T
cococo - N NN 0
Exceeded distances (km) for 1 Gy of

ADreq bonemarrow
IEFrequency -#Cumulative weather scenarios %

01 02 03 04 05 06 07
Exceeded distances (km) for 1 Gy of

AD,
Frequency-#-Cumulative weather scenarios %

red bone marrow

ReAnNOMnTNnNONnNY
=} - ~N " < wn © N
Exceeded distances (km) for 1 Gy of

ADyed bone marrow

EEFrequency-#-Cumulative weather scenarios %

0.20.30.4050.60.70.80.9 1 11121314

Exceeded distances (km) for 1 Gy of
AD,

I Frequency-#-Cumulative weather scenarios %

red bone marrow

(e)

(f)

(o)

(h)

Figure 5-50: Frequency distribution of exceeded distances for 360 weather scenarios of PAZ

dosimetric criteria (1 Gy of ADred bone marrow) Under different sheltering measures in (a to d)

LBLOCA and (e to h) LTSBO postulated events with cumulative percentage coverage of

exceeded distances.

5.2.1.2 Percentile Spatial Dose Distribution for AD e bone marrow

Figures 5-51(a—d) present the 5™ 50™ and 95™ percentile RBE-weighted absorbed doses to

the red bone marrow (ADred bone marrow) Tesulting from cloud shine, inhalation, one day of

groundshine (sheltering 1 day), and four days of groundshine (sheltering 4 days) at varying

distances, considering both house and large building sheltering during LBLOCA and LTSBO
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scenarios. For one-day house sheltering, the dosimetric limit is exceeded at approximately 0.6
km for LBLOCA and 1.0 km for LTSBO based on the 50" percentile value. When sheltering
in large buildings, these distances decrease to 0.2 km for LBLOCA and 0.3 km for LTSBO.
Using the 95th percentile values, the exceeded distances for house sheltering reach about 1.5
km for LBLOCA and 3.0 km for LTSBO. In contrast, large building sheltering reduces these
distances to 0.4 km and 0.5 km, respectively (Faisal et al., 2025.

For four-day house sheltering, the 50" percentile exceeded distances are around 1.2 km for
LBLOCA and 2.0 km for LTSBO. Under large building sheltering, these values reduce to 0.3
km and 0.4 km, respectively. At the 95" percentile, the exceeded distances for house
sheltering range from 4-5 km for LBLOCA and 6-7 km for LTSBO, while large building
sheltering limits them to approximately 0.4 km and 0.7 km, respectively. Overall, substantial

dose reduction is achieved when sheltering in large buildings compared to houses (Faisal et

al., 2025").
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Figure 5-51: 5, 50 and 95 Percentile RBE weighted absorbed dose to the red bone marrow
(ADred bone marrow) VS. distances under different sheltering measures for (a & b) LBLOCA and (c
& d) LTSBO; the solid yellow line indicates the IAEA criteria (Faisal et al., 2025*).
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5.2.2 RBE Weighted Absorbed Dose to the Fetus from Inhalation (AD¥setus, inn)
5.2.2.1 Exceed Distances for ADxetys,inn Dose Threshold

Figures 5-52(a & b) illustrate the distances at which a fetal thyroid absorbed dose (ADfus, inh)
of 1 Gy may be exceeded under different protective measures—house or large building

sheltering, with and without the use of ITB—during LBLOCA and LTSBO scenarios.

For pregnant women sheltering in a house without ITB, distance exceeds within 2.7-5.3 km
during daytime LBLOCA releases and 3.8-36 km at night. For LTSBO events, distances
increase to 3.8-8.2 km during the day and 5-55 km at night. Nighttime releases show larger
exceeded distances due to more stable atmospheric conditions (stability classes ‘E’ and ‘F’)
compared to unstable daytime conditions (classes ‘B’ and ‘C’) (Faisal et al., 2025Y).
Additionally, inhalation doses decrease during rainy periods due to the washout of airborne
radionuclides, particularly from June to August, reducing the distances where thresholds are

exceeded.

When ITB is used in house sheltering, exceeded distances drop to 0.8—1.6 km for LBLOCA
during the day and 1.3-9.1 km at night, while LTSBO events show distances of 1.2-2.1 km
during daytime and 1.8-15.5 km at night. Under large building sheltering, distances further
decrease to 0.5-4.3 km for LBLOCA and 0.7—7.3 km for LTSBO (Faisal et al., 2025).

Figures 5-53(a to h) present the frequency distribution and cumulative included weather
scenarios for exceeded distances of 1 Gy ADgeusinn for sheltering with and without ITB in

LBLOCA and LTSBO events.
5.2.2.2 Percentile Spatial Dose Distribution for ADsetys, inn

Figures 5-54(a—d) present the variation of the RBE-weighted absorbed dose to the fetus from
inhalation (ADguus, inn) With distance for LBLOCA and LTSBO events, considering the 5",
50" and 95" percentile weather scenarios. They also highlight the impact of different

protective measures, including house sheltering, large building sheltering, and the use of ITB.

* Article published from this thesis
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For house sheltering without ITB, the 1 Gy dosimetric limits is exceeded at approximately 5
km for LBLOCA and 7 km for LTSBO when using the 50 percentile value. Under large
building sheltering, these distances are reduced to about 3 km for LBLOCA and 4 km for

LTSBO. At the 95" percentile, the exceeded distances increase significantly, ranging from 30—
35 km for LBLOCA and 40-45 km for LTSBO under house sheltering. For large building
sheltering, the distances are notably lower, between 15-20 km for LBLOCA and 25-30 km for

LTSBO (Faisal et al., 2025).
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Figure 5-52: Month-wise 360 weather scenarios exceeded distances for PAZ criteria (1 Gy of

ADrequs inny under different protective measures for (a) LBLOCA and (b) LTSBO (Faisal et al.,
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Figure 5-53: Frequency distribution of exceeded distances for 360 weather scenarios of PAZ criteria

(1 Gy of ADyeqsinn) under different protective measures in (a to d) LBLOCA and (e to h) LTSBO
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Administration of ITB significantly reduces fetal dose exposure. When a pregnant woman
shelters in a house and takes ITB before inhalation, the threshold dose for the fetal thyroid is
exceeded only up to approximately 1.5 km for LBLOCA and 2 km for LTSBO at the 50
percentile. At the 95™ percentile, these distances increase to 5-6 km for LBLOCA and 10-11
km for LTSBO (Faisal et al., 2025).

For large building sheltering, the exceeded distances are further reduced to 1.5-2 km for
LBLOCA and 3.5-4 km for LTSBO. Overall, the combination of ITB administration and large
building sheltering results in a substantial reduction in absorbed fetal thyroid doses for both

accident scenarios (Faisal et al., 2025").
5.2.3 Decision of PAZ size

Table 5-4 shows the distances at which the 1 Gy absorbed dose criteria were exceeded to
prevent severe deterministic effects from a severe release of about 4% of volatile fission
products, for different protective actions and dosimetric criteria of PAZ. From this release
occurring in 95% of all weather scenarios:
(i) Precautionary evacuation within a 5 km radius prior to a release ensures that red bone
marrow doses remain below 1 Gy for LBLOCA and within 7 km for LTSBO scenarios (Faisal
et al., 2025).

(ii) For fetal thyroid protection, evacuation up to 4 km before a release is sufficient when
sheltering in large buildings with ITB for both events. However, if sheltering conditions are
less effective, evacuation distances of approximately 6 km for LBLOCA and 10 km for
LTSBO are required (Faisal et al., 2025%).
(iii)) ITB administration should be implemented prior to a release up to about 35 km for
LBLOCA and 55 km for LTSBO during house sheltering. Under large building sheltering,
ITB use is recommended within 20 km for LBLOCA and 30 km for LTSBO (Faisal et al.,
2025%).

Table 5-4 Maximum exceeded distance ranges (km) for threshold doses of PAZ dosimetric
criteria in different protective measures of LBLOCA and LTSBO postulated events in several

percentile weather scenarios.

Protective Weather scenario covered (%) & Exceeded distances (km) ranges

Criteria .
action ~50% | ~75% | ~95%

* Article published from this thesis
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LBLOCA | LTSBO | LBLOCA | LTSBO | LBLOCA | LTSBO
0.4-0.5 0.9-1.0 0.7-0.8 1.0-1.5 1.2-1.5 2.5-3.0

1 day House
Sheltering
1 day Large

Building 0.1-0.2 0.2-0.3 0.2-0.3 0.2-0.3 0.3-0.4 0.4-0.5
ADroy bone | Sheltering
marrow OF 4 days

1 Gy House 1.0-1.1 1.5-2.0 2.0-2.5 3.5-45 4.0-4.5 6.5-7.0

Sheltering
4 days Large

Building 0.2-0.3 0.3-0.4 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7

Sheltering

House

Sheltering 1.3-1.4 1.9-2.0 3.1-3.2 5.0-6.0 5.0-6.0 8.0-9.0

with ITB
House

Sheltering 4.0-5.0 6.0-7.0 21-22 30-33 30-35 35-40

without ITB
Large

Building

Sheltering

with ITB
Large

Building

Sheltering
without ITB

ADfetussinh
of
1 Gy

0.8-0.9 1.1-1.2 1.3-14 2.2-25 1.5-2.0 3.5-4.0

2.8-2.9 3.5-4.0 10-11 17-18 15-20 20-25

For 95% of all weather scenarios, a precautionary evacuation of approximately 5 km is
sufficient to prevent an increased incidence of mortality associated with a 1 Gy absorbed dose
to red bone marrow in the event of LBLOCA and LTSBO. In 95% of LBLOCA and 75% of
LTSBO scenarios, the same 5 km evacuation effectively prevents a heightened risk of severe
mental retardation in fetuses exposed to a 1 Gy absorbed dose. To achieve fetal protection in
95% of all LTSBO scenarios, evacuation must be extended to 9 km or supplemented with

large building sheltering.

The PAZ's necessary range takes into account both the necessity of facilitating an efficient
emergency response and the objective of avoiding severe deterministic effects. LTSBO events
typically allow about 8 hours from shutdown, whereas LBLOCA events usually allow at least
3 hours before a release (Ramsdellet al., 2012). As a result, the PAZ's precautionary
evacuation should be finished within three hours of the evacuation decision. Because of the
dense population and the lack of transportation options, evacuation is difficult beyond 5 km

from the Rooppur site.
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This could make it more difficult to evacuate people who need the most immediate
protection—those closest to the plant. However, under high-risk weather conditions, LTSBO-
related evacuation may need to extend up to 10 km (Faisal et al., 2025). The delayed core
damage in LTSBO scenarios provides more time for evacuation or sheltering, improving
overall safety. Even during the release phase (the plume), evacuating speed larger than at a
walking speed of about 5 km/h is more effective than sheltering within 3—5 km of the plant
(US NRC, 1990).

Using ITB agents alongside sheltering—especially in large buildings—greatly reduces
radiation exposure to both the red bone marrow and the fetus. If immediate evacuation cannot
be carried out safely, individuals near the plant should take ITB and remain sheltered until
evacuation becomes possible (Faisal et al., 2025). To ensure both the prevention of
deterministic health effects and the effectiveness of emergency response, the PAZ for the
Rooppur NPP should cover an area of about 5 km, consistent with TAEA guidelines for prompt

evacuation (IAEA, 2013b).
5.2.4 Equivalent Dose to the Fetus (Hgetys, inn)
5.2.4.1 Exceeded Distances for Hretus, inh

Figure 5-55(a & b) presents the 360 weather scenarios exceeded distances for UPZ
dosimetric criteria of 100 mSv (0.1 Sv) of equivalent dose to fetus from inhalation (Hgets inn) in
house sheltering with and without ITB, as well as large building sheltering effects of
LBLOCA and LTSBO events. If a pregnant woman is sheltered in a house and the ITB agent
is taken before inhalation, the IAEA criterion of 100 mSv is expected to be exceeded within
2.8-8.3 km for daytime releases and within 3.8-36 km for nighttime releases in the LBLOCA
event, whereas for the LTSBO event, the exceeded distances are within 3.5-8.8 km for
daytime releases and 5-55 km for nighttime releases. In both events, the maximum distance
was observed in the ‘D’ class and ‘F’ class scenarios, respectively, for daytime and nighttime
release.

However, if a pregnant woman is sheltered in a house and there is no ITB agent taken, the

criterion is to be exceeded to a distance of within 8-36 km for daytime releases and 9.8-120

* Article published from this thesis
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km for nighttime releases during LBLOCA, while it exceeds within 9.7-70 km for daytime
releases and 13-160 km for nighttime releases during the LTSBO events. The maximum
distances observed without ITB is in ‘B’ class scenarios with low wind speed for daytime
release for both events, whereas in LBLOCA and LTSBO events, the maximum distance
observed for nighttime release is in 'F' class and 'E' class no-rain scenarios, respectively.
During wet scenarios, the threshold distance that exceeds 100 mSv equivalent doses to the
fetus is lowered, and for nighttime releases, it is less than 50 km in LBLOCA and less than 60
km in LTSBO for home sheltering without ITB.

The exceeded distances for UPZ dosimetric criterion are within 1.7-3.7 km for a pregnant
woman sheltering in a large building with ITB during the daytime release and 2.5-22.5 km for
nighttime release in LBLOCA. However, it is 2.3-4.3 km for daytime release and 3.4-31.5 km
for nighttime release during LTSBO events. Without ITB sheltering in a large building, the
maximum exceeded distances for LBLOCA and LTSBO are 86 km and 111 km, respectively.
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Figure 5-56(a to h) shows the frequency distribution and their cumulative weather scenarios
for exceeded distances of 100 mSv Hyeys inh for house sheltering with and without ITB, as well
as large building sheltering, in LBLOCA and LTSBO events. Maximum distances covering
95% of all weather scenarios exceed within 30-35 km in LBLOCA and 35-40 km in LTSBO
for house sheltering with ITB, and 15-20 km in LBLOCA and 20-25 km in LTSBO for large
building sheltering.

In 95% of all weather scenarios, house sheltering without ITB has maximum exceeded
distances of 106-110 km for LBLOCA and 150-160 km for LTSBO, while large building
sheltering without ITB has distances of 80-86 km and 90-100 km for LBLOCA and LTSBO

events, respectively.
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Figure 5-56: Frequency distribution of exceeded distances for 360 weather scenarios of UPZ

dosimetric criteria (100 mSv of Hfetus,inh) under different protective measures in (a to d)
LBLOCA and (e to h) LTSBO postulated events with cumulative percentage coverage

exceeded distances.

5.2.4.2 Percentile Spatial Dose Distribution for Hres, inh
Figures 5-57(a & b) present the 5, 50", and 95™ percentile equivalent doses to the fetus from
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inhalation (Hges, inn) for LBLOCA and LTSBO scenarios, comparing conditions with and
without ITB agents and different sheltering options (house and large building). Under house
sheltering with ITB, the 100 mSv dose limit is exceeded at approximately 5 km for LBLOCA
and 7 km for LTSBO at the 50th percentile. When sheltering in large buildings, these
distances are reduced to about 3 km for LBLOCA and 4 km for LTSBO (Faisal et al., 2025*).
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Figure 5-57: 5, 50 and 95 Percentile Equivalent dose to the fetus from inhalation (Hfws inh )
with distances under different protective measures for (a & b) LBLOCA and (c & d) LTSBO;
the solid yellow line indicates the [AEA UPZ criteria (Faisal et al., 2025Y).

5.2.5 Effective Dose from Inhalation (E;,;)

5.2.5.1 Exceeded Distances for E;,,

Exceeded distances of 360 weather scenarios for UPZ dosimetric criterion ’inhalation
effective dose (Einn) of 100 mSv (0.1 Sv) are shown in Figure 5-58(a & b) respectively for
LBLOCA and LTSBO in-house sheltering as well as large building sheltering.

* Article published from this thesis
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In the LBLOCA event, if an individual is sheltered in a house, the IAEA criterion is exceeded
within 2.8-5 km for daytime release and 3.3-37.1 km for nighttime release, whereas the
LTSBO event exceeds the distances within 3.4-7.1 km for daytime release and 4.1-54.5 km for
nighttime release. In both events, the maximum distance was observed in the ‘D’ class
scenario for daytime release and in the 'F' class scenario for night release. Due to the
considerable inhalation dose reduction in rain scenarios, especially in the wet weather, in ‘C’
and ‘D’ classes, the threshold distance for an individual that exceeds 0.1 Sv is likewise

reduced to less than 5 km in LBLOCA and less than 7 km in LTSBO for house sheltering.

In an ‘E’ class rain scenario, the threshold distance for LBLOCA falls below 15 km and for
LTSBO falls below 20 km. During LTSBO events in large building shelters, it is within 2.3-4

km in daytime release and 2.9-30 km at midnight release.
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Figure 5-58: Month-wise 360 weather scenarios exceeded distances for UPZ dosimetric
criteria (100 mSv of Ejy,) under different sheltering measures of (a) LBLOCA and (b) LTSBO

postulated events.
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Results and Discussions

The frequency distribution and cumulative covered weather scenarios for exceeded distances

of 100 mSv of effective inhalation dose for house sheltering and large building sheltering in

LBLOCA and LTSBO events are shown in Figure 5-59(a to d). Maximum distances spanning
95% of all weather scenarios are 35-37.1 km in LBLOCA and 35-40 km in LTSBO for house
sheltering and 20-24 km in LBLOCA and 20-25 km in LTSBO for large building sheltering
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Figure 5-59: Frequency distribution of exceeded distances for 360 weather scenarios of

UPZ dosimetric criteria (0.1 Sv of Ei,) under different sheltering measures in (a & b)

LBLOCA and (¢ & d) LTSBO postulated events with cumulative percentage coverage

exceeded distances.

5.2.5.2Percentile Spatial Dose Distribution for E;,;

Figure 5-60(a & b) shows the 5™ 50™ and 95" percentile values of effective inhalation dose

for house and large building sheltering during LBLOCA and LTSBO scenarios. For house

sheltering, the 100 mSv dose limit is exceeded at approximately 4.5 km for LBLOCA and 6

km for LTSBO at the 50" percentile. Under large building sheltering, these distances decrease

to about 3 km and 4 km, respectively (Faisal et al., 2025°).

* Article published from this thesis
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At the 95™ percentile, exceedance distances increase significantly, reaching about 35 km for
LBLOCA and 50 km for LTSBO under house sheltering. In comparison, large building
sheltering reduces these distances to around 21 km for LBLOCA and 28 km for LTSBO
(Faisal et al., 2025").
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Figure 5-60: 5, 50 and 95 Percentile effective dose from inhalation (Ei,p) vs. distances under
different sheltering measures for (a) LBLOCA and (b) LTSBO; the solid yellow line indicates
the IAEA UPZ criteria (Faisal et al., 2025).

5.2.6 Decision of UPZ size

The size of the UPZ is established by identifying a compromise between decreasing the
probability of stochastic effects and allowing for an effective response during an emergency.
Table 5-5 shows the distances at which the 100 mSv dose criteria were exceeded to avoid

stochastic effects for different protective actions and dosimetric criteria of UPZ.

Table 5-5: Maximum exceeded distance ranges (km) for threshold doses of UPZ dosimetric
criteria under different protective measures of LBLOCA and LTSBO postulated events in

several percentile weather scenarios.

) Weather scenario covered (%) & Exceeded distances (km) ranges
I Protective ° °
Criteria action ~50% ~75% ~95%
LBLOCA | LTSBO | LBLOCA | LTSBO | LBLOCA | LTSBO
(Einn) House 4.4-4.6 6.9-7.0 22-23 33-34 35-37.1 35-40

* Article published from this thesis
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Sheltering
Large

Building 2.9-3.0 3.8-3.9 11-12 17-18 20-24 20-25

Sheltering

House
Sheltering + 4.0-5.0 5.0-7.0 21-22 33-34 30-35 35-40
ITB
House
Sheltering 25-30 55-60 105-106 135-140 106-110 | 150-160
without ITB
(Hretus inh Large
) Building
Sheltering +
ITB
Large
Building
Sheltering
without ITB

2.9-3.0 3.5-4.0 | 10.0-11.0 17-18 15-20 20-25

10-11 20-25 55-57 90-100 80-86 90-100

To avoid stochastic effects from a severe release of about 4% of volatile fission products

(i) In LBLOCA and LTSBO events, evacuating to a distance of 25 km is adequate to ensure
that inhalation-effective doses remain below 100 mSv in 95% of all weather scenarios during
large building sheltering. Additionally, this distance is sufficient for 75% of weather scenarios
while house sheltering for LBLOCA. In 95% of all weather scenarios, evacuation to a distance
of approximately 35 km for LBLOCA and 40 km for LTSBO is sufficient to maintain doses
below 100 mSv (Faisal et al., 2025").

(i) Evacuation out to a distance of 25 km is sufficient to keep the fetus’s equivalent dose
below 100 mSv in 95% of all occurring weather scenarios during large building sheltering
with ITB for both events and adequately covers 75% of all weather scenarios in the LBLOCA
event during house sheltering with ITB. In 95% of all weather scenarios, house sheltering with
ITB and evacuation of around 35 km for LBLOCA and 40 km for LTSBO are sufficient to
keep the fetus's equivalent dose below 100 mSyv (Faisal et al., 2025%).

(iii)) An ITB agent needs to be taken before a release at a distance of 110 km for LBLOCA
and 160 km for LTSBO in-house sheltering for 95% of all weather scenarios, while it is 86 km
for LBLOCA and 100 km for LTSBO during large building sheltering (Faisal et al., 2025%).

* Article published from this thesis
[173]



Chapter 5, Part B Results and Discussions

In the event of a severe release under 95% of weather scenarios, evacuating within 20 km for
LBLOCA and 30 km for LTSBO ensures that fetal and inhalation-effective doses remain
below the 100 mSv criterion during large building sheltering with ITB. For house sheltering,
this requirement increases to about 35 km for LBLOCA and 50-55 km for LTSBO (Faisal et
al., 2025"). Tt is worth considering extending the UPZ boundary beyond 30 km for two key
reasons: Firstly, the additional benefit of dose reduction with increasing distance is relatively
small. Secondly, delays in implementing protective measures may pose significant risks to the
most vulnerable individuals near the plant (JAEA, 2013b). When meteorological forecasts
indicate high-risk conditions, particularly stability classes ‘E’ and ‘F’, it is prudent to extend
evacuation and protective actions beyond the UPZ boundary, especially during LTSBO

scenarios.

If the evacuation takes so long due to the large area or to carry out many people either cannot
be evacuated before the release or are evacuated during a large release. One possibility is large
building sheltering combined with the intake of ITB during the release, followed by relocation
dependent on ground deposition levels. This needs to prepare some large emergency buildings
to shelter since the villages around the plant only have normal living houses, not large
buildings. The UPZ should also be separated into areas that allow for evacuation of different
sectors and distances based on the occurrence and the current scenario (Faisal et al., 2025%).
Furthermore, the UPZ should be evacuated in phases based on the distance from the NPP,
where the conditions dictate whether sheltering along with ITB intake is preferable to

evacuation.

Overall, the suggested UPZ is approximately 25 km, aligning with IAEA guidelines that
recommend a UPZ range of 15 to 30 km (IAEA, 2013b).

5.2.7 Validation of EPZ sizes based on Residual TEDE/Reference Dose Level

Figure 5-61(a & b) depicts the exceeded distances for the reference dose level (100 mSv) of
residual TEDE in house sheltering as well as large building sheltering during LBLOCA and
LTSBO events for 360 weather scenarios. If a person is sheltered in a house, the reference

dose level is expected to be exceeded within 3.3-20 km for daytime release and within 5.9-39

* Article published from this thesis
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km for nighttime release in the LBLOCA event, whereas the exceeded distances in the
LTSBO event are within 4.3-22.1 km for daytime release and 8-56 km for nighttime release.
In both events, the greatest distance was observed during the 'D' class light rain scenario for
daytime release and the 'F' class scenario for nighttime release. As mentioned earlier, the
radiological dose through the groundshine channel prevails in TEDE during the wet weather,
specifically from April to September, while the inhalation dose dominates in TEDE during the
dry weather, specifically from October to March.

The exceeded distances in LBLOCA are 1.8-4.2 km for an individual sheltering in a large
building during the daytime and 3.1-23 km for nighttime release. During LTSBO events in
large building shelters, it is within 2.4-6.6 km in daytime release and within 4-30 km at

nighttime release.
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Figure 5-61: Month-wise 360 weather scenarios exceeded distances for Reference dose level
of 100 mSv of TEDE under different sheltering measures of (a) LBOCA and (b) LTSBO

postulated events.
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Figure 5-62(a to d) shows the frequency distribution with cumulative covered weather
scenarios in LBLOCA and LTSBO events for house sheltering and large building sheltering
exceeding distances of 100 mSv reference dose. The maximum distances encompassing 95%
of all weather scenarios where the reference dose is exceeded are 35-39 km in LBLOCA and
40-56 km in LTSBO for house sheltering, whereas they are 20-23 km in LBLOCA and 25-30
km in LTSBO for large building sheltering.
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Figure 5-62: Frequency distribution of exceeded distances for 360 weather scenarios of
reference dose level under different sheltering measures in (a & b) LBLOCA and (¢ & d)

LTSBO postulated events with cumulative percentage coverage exceeded distances.

Figure 5.63(a & b) depicts the spatial dose variation for the 5™ 50" 75™ and 95™ Percentile
TEDE during LBLOCA and LTSBO events without and with protective measures (house
sheltering and large building sheltering). According to Figure 5-63(a & b) and Table 5-6, a
25-km evacuation is sufficient to maintain the reference dose level below 100 mSv in

LBLOCA and LTSBO events in 95% of all weather scenarios that occur during large building
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sheltering. However, it covered 75% of weather scenarios in LBLOCA events during house
sheltering. Evacuation out to a distance of nearly 35 km for LBLOCA and 40 km is enough for
keeping the reference dose level below 100 mSv in 95% of all occurring weather scenarios
during sheltering in a house. These results are comparable when compared to the exceeded
distances of UPZ dosimetric criteria, which are 100 mSv of equivalent dose to the fetus from

inhalation or the effective inhalation dose to an adult.
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Figure 5-63: 5, 50, 75 and 95 Percentile TEDE vs. distances under different sheltering
measures for (a) LBLOCA and (b) LTSBO; the solid blue line indicates the reference dose

level.

Table 5-6: Maximum exceeded distance ranges (km) for threshold doses of Reference dose
level under different sheltering measures of LBLOCA and LTSBO postulated events in

several percentile weather scenarios.

Weather scenario covered (%) & Max. Exceeded distances (km)
Protective | Encompassed weather scenario based on exceeded 100 mSv reference dose of

measures Figure 5-61(a & b)
~5% ~50% ~75% ~95%
LBLOCA | LTSBO | LBLOCA | LTSBO | LBLOCA LTSBO | LBLOCA | LTSBO
House | 33 34 14445 1507 | 2526 | 2526 | 2530 | 3539 | 40-56
sheltering
Large 1.8-19 2425 3940 | 11-12 | 11-12 | 10-15 | 20-23 | 25-30
building
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‘ sheltering | | | | | | | |

5.2.8 Effect for Different Combinations of Protective Actions on EPZ sizes

Table 5-7 shows the residual TEDE and distances at which these are obtained to check
whether the different combinations of protective actions allow doses to remain below the
severe deterministic (1000 mSv) and reference dose levels (100 mSv). If the evacuation occurs
before the release starts and in a site unaffected by the release, evacuation is intended to lower
the radiation doses to zero, and sheltering reduces the radiation dose in accordance with the

dose reduction factor for sheltered in-house and large buildings.

Table 5-7: Different combinations of protective measures and their corresponding residual

TEDE with distances for several percentiles of weather scenarios

Mazx. Residual dose (mSv)
Combination of Dry ‘F’stability | Dry  E’ stability | Wet ‘D’ stability | Approx.
protective actions class( up to 95% class (up to 75% class( up to 50% [Distance
weather scenarios) | weather scenarios) | weather scenarios | (km)
LBLOCA| LTSBO |[LBLOCA| LTSBO |[LBLOCA| LTSBO
Evacuation (Evac.)
-3 km
ouse Sheltering (HS): 2700 4800 1450 2550 1400 3000 3
Beyond 3 km
vac.: 5 km
’FRecommended PAZ) 2000 3500 820 1450 730 1550 5
HS: Beyond 5 km
Evac.: 25 km
(Recommended UPZ) 200 320 100 180 20 35 25
S: Beyond 25 km
Evac.: 30 km
L‘IS: Beyond 30 km 140 250 80 130 15 20 30
Evac.: 40 km
HS: Beyond 40 km 90 160 50 90 7 12 40
vac.: 3 km
arge Buildin
Sheﬁeﬁng (LBgS): 980 1700 480 800 150 300 3
eyond 3 km
Iivac.: 5 km
(Recommended PAZ) 730 1250 270 450 70 130 5
BS: Beyond 5 km
vac.: 12 km
IEBS: Beyond 12 km 230 420 100 170 20 40 12
vac.: 20 km
|€BS: Beyond 20 km 120 200 50 90 8 20 20
vac.: 25 km 15
(Recommended UPZ) 70 130 35 60 3 25
S: Beyond 25 km
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Referring to Table 5-7, a threshold dose of 1000 mSv for LBLOCA and LTSBO is not
avoidable during severe weather conditions of ‘F’ class if the suggested PAZ (5 km) is
evacuated before a release and simultaneous house sheltering is carried out in parts of the UPZ
affected by the release. It can be avoidable for large buildings sheltering in the UPZ at a
distance of about 5 km, where people would receive the highest effective dose of about 730
mSv for LBLOCA and 1250 mSv for LTSBO. In the case of the ‘E’ class, the maximum
residual doses at 5 km for house sheltering are 820 mSv and 1450 mSv, respectively, for
LBLOCA and LTSBO. In ‘D’ class rainy scenarios, if all parts of the PAZ (5 km) are likely to
be evacuated, a house-sheltered population about 5 km away would receive the most effective
dose of about 730 mSv for LBLOCA and 1550 mSv for LTSBO. However, the risk of an
effective dose of 100 mSv (reference dose level) for house sheltering cannot be excluded
during the ‘F’ class scenario, but it can be reduced in the ‘E’ class and ‘D’ class scenarios for
evacuation of 25 km UPZ. In the case of large building sheltering, evacuation up to about 5
km, 12km, and 25 km is required to avoid the reference dose level of 100 mSv respectively for
‘D’, ‘E’, and ‘F’ class conditions in LBLOCA. Furthermore, an alternative option for
evacuating all parts of the UPZ during severe weather scenarios (‘E’ or ‘F’ class) is to
evacuate part of the zone at a distance of about 12 km, combined with shelter in the rest of the
zone at a distance from 12 km to 25 km. This alternative is particularly favorable if sheltering
can take place in large buildings that facilitate better protection than sheltering in wooden
houses. It is concluded that the suggested ranges of the EPZs (PAZ 5 km, UPZ 25 km),
combined with arrangements in the respective zones, allow dosing to be kept below an

effective dose of 100 mSyv reference levels for the postulated event.
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5.3 PART-C: Consequences Analysis during Routine Operation

5.3.1 Month-wise Air Concentration and Ground Deposition during Monthly

Continuous Routine Operation

Under the assumption of linear behavior, where a twofold increase in release leads to a
twofold increase in concentration, HYSPLIT handles atmospheric transport and dispersion
independently of the emission strength, allowing for simple scaling across various release
scenarios. A unit release rate of 1 Bg/hr was used in this study, resulting in normalized model
outputs that represent relative dispersion characteristics. During post-processing, the relevant
real release rate is applied as a scaling factor to convert these unit-based results to actual air

concentrations and dose values (Faisal & Islam, 2025*).

HYSPLIT is very flexible for post-processing analyses involving various source terms because
it uses normalized concentrations. Additionally, if the number of reactors at the site changes in
the future, this methodology makes it easy to update the assessment. Revisions pertaining to
reactor configuration or variations in radionuclide release quantities can be incorporated
without repeating the entire simulation, which is a major benefit of using normalized
concentration and deposition in this study. By applying the actual release rate or activity
corresponding to monthly or annual continuous routine operational emissions, the normalized
results can be directly scaled to physical units like Bg/m3, Bgq/m2, or mSv. HYSPLIT
determines the normalized concentration for time-averaged outputs by dividing the integrated
value (first expressed in hr/m3) by the chosen averaging period, such as 744, 720, or 672 hours

for a one-month interval (Faisal & Islam, 2025).

* Article published from this thesis
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Using GDAS1 meteorological data, Figure 5-64 shows the cumulative, month-averaged

normalized ground deposition patterns resulting from a continuous unit release of 1 Bq/hr over

a full month, accounting for seasonal (12-month) variability in 2022. The maximum ground

deposition was around 10~ /m* for the majority of the months, with lower peak values of

about 10~® /m? recorded in March and April, mostly at or very near the Rooppur release

location. Figure 5-64 illustrates that during the wet season (April-September) compared to the

dry season (October—March), deposition levels exceeding 10~ /m* (highlighted in blue for ten

months, with the exception of January shown in green and April) cover a notably larger area.

(Faisal & Islam, 2025").
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Figure 5-64: Cumulative (month-long) normalized ground deposition distribution patterns for

continuous month-long unit release rate (1Bg/hr) for individual 12 months of the year 2022

during GDAS1 Met. Data (Faisal & Islam, 2025*).

* Article published from this thesis
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The monthly variation of the estimated peak values of month-averaged normalized air
concentrations and cumulative normalized ground depositions is shown in Figure 5-65. These
findings are based on simulations using CDC1 and GDAS1 meteorological datasets for 2021
and 2022, assuming a continuous unit release of 1 Bg/hr over one month. To maintain a
conservative assessment approach, the y-axis values in Figure 5-65 only show the highest
normalized air concentration or ground deposition predicted at any grid point, without

reference to a specific location. (Faisal & Islam, 2025*).
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Figure 5-65: Month-wise peak estimated monthly-averaged normalized air concentration and
cumulative normalized ground deposition for unit emission rate (1 Bg/hr) under CDC1 and

GDASI meteorological datasets of the years 2021 and 2022 (Faisal & Islam, 2025°).

For each month with continuous routine releases, the monthly average air concentrations were
first calculated in normalized form for a unit release and then converted to real values during
the CON2REM post-processing step using the normal operational release data provided in the
ACTIVITY .txt file. This process produced realistic monthly average air concentrations
expressed in Bg/m?. Figure 5-66 presents the spatial distribution of these monthly average air
concentrations throughout 2022, from January to December, based on month-long continuous

operational releases and GDAS1 meteorological data. The results clearly show a seasonal shift
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in plume behavior: during the dry season (October to March), the radioactive plume is mainly
transported toward the south, while in the wet season (April to September), the dispersion

pattern shifts predominantly toward the west and north (Faisal & Islam, 2025*).

Over the entire year, the highest air concentrations were generally around 107! Bg/m? and
occurred at or near the Rooppur release point. As shown in Figure 5-66, arcas with air
concentrations above 0.01 Bg/m? spread over a noticeably larger region during the dry season
(October to March) than during the wet season (April to September). These higher
concentration zones appear in green for eight months, while April, June, July, and December

are shown in blue. (Faisal & Islam, 2025*)
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Figure 5-66: Monthly-averaged air concentration distribution patterns for continuous month-
long routine operation release for individual 12 months of the year 2022 during GDAS1 Met.
Data (Faisal & Islam, 2025").
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Figure 5-67 shows how the highest monthly air concentrations vary for the two

meteorological datasets, along with their uncertainties and the ratio between them. Overall, air

concentrations tend to be higher during the dry months from October to March. Notably, the

CDCl1-based results consistently predict higher concentrations than GDAS1, with peak values

during November to January reaching nearly twice those estimated using GDAS1 (Faisal &
Islam, 2025#).
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Figure 5-67: Month-wise peak monthly-averaged air concentration with uncertainty and ratios
of two meteorological datasets during month-long routine operation release of year 2021 and

2022 (Faisal & Islam, 2025*).

5.3.2 Annual Air Concentration and Ground Deposition during Annual Continuous

Routine Operation

Figure 5-68(a—d) shows the yearly average air concentration patterns for 2020, 2021, 2022,
and 2023, based on continuous routine operational releases using CDC1 meteorological data.
In each year, the highest concentrations were found at the release site, marked with red stars,

reaching peak values of about 0.1 Bq/m? (Faisal & Islam, 2025°).

Figure 5-69(a—d) shows the yearly cumulative ground deposition patterns from a continuous

unit release of 1 Bg/h for 2020, 2021, 2022, and 2023, based on CDC1 meteorological data. In
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each year, the highest deposition occurred near the release point, marked with red stars, with a

slight shift toward the north, and peak values around 107® m™2. Only iodine and cesium from

the routine operation of the VVER-1200 reactor at Rooppur contribute to ground deposition,

since noble gases do not settle. When scaled to the actual release activity of 10* Bq, the

maximum iodine deposition is roughly (10" ¢ m™ 2 * 10 Bq)= 1072 Bg/m? (Faisal & Islam,

20257 .
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Figure 5-68: (a to d) Annual-averaged volumetric air concentration distribution during

continuous year-long routine operation release of year 2020, 2021, 2022 and 2023 for CDC1
Met. Data (Faisal & Islam, 2025°).
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Figure 5-69: (ato d) Annual cumulative normalized ground deposition distributions during
continuous year-long unit release rate (1 Bq/hr) of year 2020, 2021, 2022 and 2023 for CDC1
Met. Data (Faisal & Islam, 2025°).
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5.3.3 Air Concentration Uncertainty

Figure 5-70(a—d) shows the probability distribution of air concentrations at a location near the
release point (24.1°N, 89.1°E) using different meteorological data ensembles. The values
come from the prob{xx} files and are summarized in a box plot. In the plot, the box shows the
middle 50% of values (25"-75" percentiles), the whiskers cover the 10"-90™ percentiles, and
the circles mark the 5™ and 95™ percentiles. The median is indicated by a line inside the box,
while the mean is shown with a plus sign. The data represent twelve 4-hour time intervals. For
CDCI1 data, concentrations within the 10™-90™ percentile range vary by about two orders of
magnitude, while for GDASI, the variation is around one order of magnitude. This difference
is mainly due to small shifts in the meteorological grid, showing how sensitive concentration

estimates are to changes in weather conditions (Faisal & Islam, 2025").

According to the 95t percentile concentration map shown in Figure 5-71(a to d), only 5% of
the ensemble members have concentrations that exceed this threshold. Specifically, only one
or two members (about 5% of the 27 ensemble members) have concentrations above the

yellow region of concentrations scaling factor greater than 107",

Figure 5-72(a—d) shows box plots based on a physics ensemble with 20 different variations.
The spread of values, especially within the middle 50% (inter-quartile range), is much
smaller—about an order of magnitude less—than what is seen in the meteorological grid
ensemble. This suggests that most of the uncertainty comes from how the meteorological data
is gridded, while changes in physics assumptions have a much smaller effect (Faisal & Islam,

20259).
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month (July) of year 2022 (Faisal & Islam, 2025*).
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Figure 5-72: Physics model ensemble air concentration Box plot probability distributions for (a
& b) CDCl, (c & d) GDAS1 Meteorological data at Rooppur site during dry month of January
and wet month of July of year 2022 (Faisal & Islam, 2025).

5.3.4 Monthly and Annual Effective Dose during Routine Operation

The estimated effective dose comes from two main exposure pathways: cloudshine and
groundshine. To stay on the conservative side, this study didn’t focus on specific locations
where people might be. Instead, we looked at the highest dose values across the whole modeled
area to represent worst-case exposure scenarios. As shown in Figures 5-64, 5-66, 5-68, and

5-69, the strongest air concentrations (cloudshine) and ground deposition (groundshine)
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occurred at the release site or nearby. With a concentration grid of 0.05° x 0.05° (about 5 km x 5
km), the maximum values are found in the grid cell centered at the release point, near 24.1°N

latitude and 89.1°E longitude (Faisal & Islam, 2025°).

Figure 5-73 (a & b) presents the monthly maximum cloudshine, groundshine, and overall
effective doses for 2021 and 2022, based on simulations using the CDCl and GDASI
meteorological datasets. The monthly cloudshine dose was calculated by multiplying the
average dose for each month by the number of hours in that month—744 hours for January,
March, May, July, August, October, and December; 720 hours for April, June, September, and
November; and 672 hours for February. The monthly groundshine dose was similarly estimated

over the respective month-long simulation periods (Faisal & Islam, 2025°).
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Figure 5-73: Month-wise cloud shine dose, ground shine dose and effective dose during routine

operation release of year 2021 and 2022 for (a) CDC1 and (b) GDAS1 Met. Data (Faisal &
Islam, 2025°).
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The highest monthly cloudshine doses are seen during the dry season, from October to March,
while the groundshine doses tend to be higher in the wet season, from May to October, mainly
due to wet deposition. Overall, the effective dose is generally higher in the dry months. By
adding up the monthly cloudshine and groundshine doses for the entire year, the annual effective

doses for 2021 and 2022 were determined (Faisal & Islam, 2025).

Figure 5-74 illustrates the distribution of average cloud shine and total ground shine doses for
year-wise continuous operational release. The accumulated annual cloud shine dose distribution
is calculated by multiplying the average air concentration by the year-wise averaging periods

(8,759 hours for 2021, 2022, and 2023; 8,783 hours for 2020). The annual ground shine dose,

which is summed over the year-long duration of the simulation.
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Figure 5-74: Comparative annual (a & c) average cloud shine dose and (b & d) cumulative

ground shine dose distributions for CDC1 Meteorological Data of the year 2021 and 2022during
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Figure 5-75 provides an overview of the radiological dose results from this study using two
meteorological datasets, highlighting the separate contributions from cloudshine and
groundshine. The annual cloudshine dose for the CDC1 dataset was estimated by multiplying
the maximum average cloudshine dose by the total number of hours in each year (8,759 hours
for 2021-2023 and 8,783 hours for 2020). The groundshine dose was calculated over the full
one-year simulation period. Overall, cloudshine is the dominant contributor, accounting for

about 90% of the total radiological dose (Faisal & Islam, 2025*).
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Figure 5-75: Comparative annual cloud shine and ground shine dose during routine operation

release from VVER-1200 reactor (Faisal & Islam, 2025)

Table 5-8 compares the annual dose estimated in this study with values reported in earlier
studies for routine releases from different NPPs. The differences among the results mainly
reflect the use of different calculation models, dose conversion factors, assumptions, and
meteorological data from various years. As shown in the table, the annual effective dose

estimated for the Rooppur site in this study is consistent with those reported elsewhere and falls
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well within acceptable limits. On average, the annual dose is only about 0.3% of the public dose
limit of 1 mSv per year, indicating that radiation exposure from routine operations at Rooppur
NPP is very low and comfortably below regulatory requirements (Faisal & Islam, 2025°). It is
also much lower than the natural background radiation level near the Rooppur site, reported as

0.96 mSv per year (Mollah & Chakraborty, 2009).

Table 5-8: Comparative annual effective dose Rooppur site with other studies during routine

operation release (Faisal & Islam, 2025*).

NPP Rooppur | Rooppu | Bushehr Bushehr Sebagin Barakah Korean
NPP 1 r NPP-1 NPP-1 NPP  site | NPP-1 NPP
Present NPP 1 | (Feyzinejad | (Pirouzman | (Udiyani & | (Zubair et | (Kong et
study (Sadhu | etal,2019) |d et al, | Husnayani, | al,2022) al., 2017)
khan & 2015) 2017)
Synzyn
ys,
2023)
Reactor | VVER- VVER- | VVER-1000 | VVER- 1000 MW, | 1400 APR | PWR,
type 1200 1200 1000 PWR PHWR
Using HYSPLIT | CROM | HYSPLIT CAP 88 PC | PC- GALE-86, | KDOSE-
Code CREAM HOTSPOT | 60,
XQDQWQ
Annual | 2.41E-03 | 3.67E- | 2.1E-04 5.5E-04 5.3E-02 4.1E-03 ~ 107
Effectiv 03
e dose
(mSv)
(%) of | 0.24 0.37 0.021 0.055 53 0.41 ~0.1
Annual
Dose
limit

* Article published from this thesis
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CHAPTER 6.

POLICY IMPLICATIONS

This study identifies key strategies to strengthen Bangladesh's nuclear emergency preparedness
and response framework.

(i) Emergency Protective Actions

Prioritize sheltering in secure structures and establish pre-planned evacuation protocols for
communities within a 2—49 km radius of the plant.

Pre-distribute stable iodine tablets to populations within a 3—-80 km zone to reduce thyroid
exposure during radioiodine releases.

(ii) Infrastructure Enhancement

Utilize the extended grace period during events like LTSBO for timely evacuation or sheltering.
Construct large emergency shelters within the PAZ and encourage residents to reinforce housing
structures for improved radiological protection.

(iii) Cross-Border Coordination

Develop formal collaboration with neighboring countries, particularly India, for real-time
information sharing and joint emergency response.

(iv) Risk-Based Planning

Use study insights to enhance Severe Accident Management Guidelines (SAMGs) and design

weather-dependent emergency plans to ensure realistic dose assessments.
These measures will strengthen nuclear safety frameworks, improve public health protection,

and ensure compliance with international safety standards as Bangladesh expands its nuclear

energy program.
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CHAPTER 7.

CONCLUSION AND RECOMMENDATIONS

7.1 Radiological Doses and EPZ Assessment

This thesis presents a comprehensive assessment of the potential radiological consequences of
severe BDBA of LTSBO scenarios, EPZ size and routine operational release at the under-
construction Rooppur NPP, which houses two units of the VVER-1200 reactor. It uses modern
accident consequences tools like RASCAL 4.3, HotSpot 3.1.2 and HYSPLIT codes, along with
updated source terms, long-term weather data, and uncertainty analysis considering both dry

(winter) and wet (monsoon) weather conditions.

7.1.1  LTSBO Consequences

The study evaluates radionuclide release, atmospheric dispersion, and public radiation exposure
both in partial and complete core meltdown under INES level 6 and 7 events. This also
investigated the contributions of radionuclides in different radiation exposure pathways and their
delayed effects under six LTSBO cases (3 PCM and 3 CCM), both with and without passive
safety systems of the ECCS. The HotSpot code is used for the comparison of the RASCAL 4.3
outputs. The findings show that effective passive safety systems and strong containment
integrity significantly lower radiological risks. When ECCS operates for extended periods of
time with intact containment, there is less release of radionuclide activity and lower radiation
doses, reducing risks to the people and the environment. During wet weather, such as the
monsoon season, increasing rainfall increases ground deposition owing to washout process.
Conversely, dry conditions can cause larger airborne concentrations, increasing exposure to
cloudshine doses. Also, during wet weather, dose distributions are often more concentrated
around the plant site, emphasizing the importance of emergency preparation that considers

seasonal variations.

Protective measures recommendations were made based on international (IAEA GSR Part 7)
and national (Bangladesh NNREPRP) dose criteria. For the LTSBO accidents, the intervention

distances—ranging from less than 1 km to over 100 km depending on weather and severity—
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indicate the need for flexible, scenario-based emergency response planning. Also recommend
Implementation of ITB within a wide range of areas extending up to 80 km or more, depending
on weather conditions. The analysis demonstrates that variations between the RASCAL and
HotSpot models' predictions are caused primarily by different dispersion algorithms, dose
estimation methodologies, and rainout factors of the two codes. This variation emphasizes the

significance of carefully evaluating the results of these models.

The 3-D HYSPLIT model assesses the long-range effects of radioactive material dispersion
during LTSBO event in the atmosphere and on the ground, using meteorological datasets from
CDCI1 and GDASI. Sensitivity assessments were carried out to establish the optimal settings for
the HYSPLIT model, which included evaluation of variation of particle numbers, concentration
grids, and release heights. The study discovered that estimations of air concentration and
ground deposition differ greatly depending on the model's resolution and meteorological data
used. Using a finer concentration grid of 0.010° (about 1 km x 1 km) can result in air
concentration and ground deposition estimates that are 4 to 5 times greater than those derived
with a coarser grid of 0.050° (roughly 5 km x 5 km). Furthermore, while both meteorological
datasets demonstrated similar distribution patterns, CDC1 yielded air concentration and ground
deposition estimates that were 2 to 4 times greater than GDAS1. CDCl's coarse resolution and
large time intervals might impact the accuracy of dispersion patterns and deposition footprints,
particularly in complex terrains or changing weather conditions. This demonstrates the
importance of meteorological data in the assessment process, since discrepancies between

datasets can influence simulation outcomes even when other parameters remain equal.

The HYSPLIT analysis of an LTSBO-CCM accident at the Rooppur NPP showed that in
January's dry conditions, the radioactive plume initially moved south over the Bay of Bengal. As
upper-level winds changed, the plume shifted to the north, ultimately impacting parts of
Myanmar, Thailand, and China. In southwestern Bangladesh, particularly around Kushtia and
Jashore, high levels of airborne radioactivity were detected, with the highest deposition reaching
about 107 Bq/m? near Ishurdi. In contrast, during the wet month of July, the radioactive plume
quickly moved northward into India within the first 24 hours, significantly affecting
northwestern Bangladesh, including Ishurdi, Pabna, and Rajshahi. Rainfall and the plume's

movement caused localized deposition, with levels surpassing 10° Bg/m? in several districts.
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This study highlights the critical role of wind patterns and monthly weather conditions in the

dispersion and fallout of radioactive materials following the accident.
7.1.2 EPZs

EPZs for the VVER-1200 reactor at the Rooppur site were evaluated using the RASCAL code,
following both post-Fukushima IAEA guidelines and national dose criteria. Simulations were
conducted for two potential severe accidents, assuming the release of approximately 4% of core
inventory volatile and gaseous fission products under 360 different weather scenarios. For 95%
of these scenarios, the maximum distances where PAZ dosimetric criteria are exceeded are
estimated at around 3—4 km when sheltering in large buildings and 8-9 km when only houses
are used. Similarly, UPZ dose criteria are exceeded at distances of 2025 km for large building
sheltering and 35-40 km for house-only sheltering. Exceeded distances were generally greater
for the LTSBO event compared to the LBLOCA scenario for same containment release rate and
weather conditions. To ensure protection against deterministic health effects while enabling an
effective emergency response, a PAZ of 5 km and a UPZ of 25 km are suggested for the
Rooppur site. These are in line with the international guidelines and provide sufficient scientific

and technical basis.
7.1.3  Routine Operation

The modeling of normal operational releases using the HYSPLIT model; supported by two
meteorological datasets spanning the year of 2020 to 2023 were performed. The results showed
that the highest air concentration, contributing to the cloudshine dose, occurs during the dry
seasonal months, while the highest ground deposition, contributing to the groundshine dose, is
observed near the plant during the wet seasonal months. Cloudshine accounts for 90% of the
total dose received. The study also found that the average annual effective dose to the public was
approximately 10> mSv between 2020 and 2023, which is negligible compared to both the
annual dose limit and the global average effective dose from natural background radiation. Since
the Rooppur reactors are not yet operational, the study's findings were compared to those of
other researches on different computational tools. The results for maximum simulated effective
dose are consistent with studies on other NPPs, demonstrating that the HYSPLIT model is an

effective tool for predicting dispersion and calculating doses under normal operating conditions
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at Rooppur NPP. The findings show the reliability of the method, evidence of successful model

validation, and the establishment of a baseline for risk assessment of routine NPP operations.
7.2 Limitations

This study has several limitations that need to be acknowledged. First, the RASCAL evaluation
carries uncertainties, particularly in the overestimation of release magnitude, release speed, and
projected radiological doses. The estimation of EPZ size for the Rooppur NPP was carried out
using conservative assumptions, such as high leak rates and release fractions, which may not
reflect real accident conditions. Consequently, while the approach ensures wide protective
margins, the results may not be directly applicable to other reactor sites or designs without site-

specific assessment.

Second, the analysis considered only adult radiation risk as representative of the population.
Since children are generally more sensitive to radiation and often receive higher doses from the
same exposure, the absence of age-specific dose assessments limits the comprehensiveness of
the health impact evaluation. The use of HYSPLIT also restricted the inclusion of organ-specific
and age-dependent dose coefficients. Furthermore, the model’s 100x100 km grid resolution
limits its ability to capture localized meteorological variations, particularly terrain-induced

effects, though these are less significant for long-range transport.

Finally, in the routine operational analysis, the study focused only on external exposure from
gaseous effluents, excluding liquid effluents and internal exposure pathways. This oversight is
particularly relevant for radionuclides such as tritium and carbon-14, which are released through
operational discharges and could contribute to internal dose. These constraints highlight areas

where future studies could provide more detailed and comprehensive assessments.
7.3 Future Works
Although the findings improve our knowledge of emergency preparedness and protective action

planning, there are still a number of topics that need more investigation.

First, for greater realism and accuracy, the modeling framework could be enhanced. Rather

than depending on conservative release assumptions, future research should combine
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atmospheric dispersion tools with severe accident progression codes such as MELCOR or
MAAP to produce more realistic source terms. Predictive accuracy would also be increased by
integrating real-time meteorological data from nearby weather stations into models like

RASCAL, and HYSPLIT.

Second, the variety of accident scenarios taken into account should be increased in future
studies. Assessments should cover multi-unit accidents, spent fuel pool accidents, and other
hazards, both man-made (such as deliberate attacks) and natural (such as earthquakes and
flooding), in addition to LBLOCA and LTSBO. A more thorough understanding of the effects
on public health and the environment would be possible by looking into long-term effects like

ground contamination, effects on the food chain, chronic exposure, and cancer risks.

There is a chance to improve policy development and emergency preparedness. The viability of
constructing specialized radiation shelters in populated areas close to nuclear power plants, as
well as the optimization of dynamic EPZs that adjust to shifting weather patterns, should be the
main areas of research. Future research at the regional level should look at how serious
accidents affect people across borders and offer models for coordinated emergency responses
with nearby nations. Furthermore, considerable attention needs in how climate change affects

nuclear plant vulnerability, plume dispersion, and extreme weather events.
Future studies that examine these topics may result in thorough risk assessments, enhanced

protective action plans, and more robust nuclear safety planning in Bangladesh and across South

Asia.
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APPENDIX A

Nuclear Accident Classification and Past Severe Accidents

To classify nuclear accidents, the IAEA and the OECD's NEA created the INES. This scale
ranges from Level 1 (anomaly) to Level 7 (severe accident), with each level representing an
event that is roughly ten times more serious than the previous one. Levels 1 to 3 are
considered incidents, while Levels 4 to 7 are classified as accidents (IAEA, 2013a) as shown
in Figure A-1. The public often reacts with concern to radioactive leaks, particularly those

rated at Level 3 or higher. Figure A-2 shows the INES ranking procedure of Levels 4 to 7.

7 MAJOR ACCIDENT

6 SERIOUS ACCIDENT

ACCIDENT

5 ACCIDENT WITH WIDER ONSEQUENCES

4 ACCIDENT WITH LOCAL CONSEQUENCES

3 SERIOUS INCIDENT

INCIDENT

2 INCIDENT

1 ANOMALY

Figure A-1: INES Event Scale Rating.
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Yes
Calt-:ulat? Equivalent to Yes
Is there a release radiological more than
of radioactive Equivalence several tens of Level 7
material to the thousands of
environment? TBqg of 1-131?
No
No
Equivalent to Yes
more than
thousands of TBq Level 6
of 1-1317?

Equivalent to
more than
Level 5

hundrads of
TBqg of 1-131?

Equivalent to
more than tens of
TBq of I-1317?

Figure A-2: INES Accident Rating Procedure (IAEA, 2013a).

Three Mile Island (USA), Chernobyl (Ukraine), and Fukushima Daiichi (Japan) are the three

major nuclear reactor accidents in history that have caused large radioactive leaks.

On March 28, 1979, Unit 2 of a PWR in Pennsylvania experienced the Three Mile Island
(TMI) accident. A mechanical problem and operator error caused a relief valve to become
jammed open, leading to primary coolant loss and partial core meltdown (Clark, 1989). Even
though the reactor was only in operation for a short time, noble gases such as xenon-135 and

traces of iodine, cesium, and strontium were emitted, resulting in a lower inventory of fission
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products. The containment building successfully retained most of the radionuclides, reducing

the environmental damage significantly. The accident was classified as Level 5 on the INES.

On April 26, 1986, a turbine shutdown test at Unit 4 of the Chernobyl NPP resulted in the
Chernobyl accident, the most catastrophic nuclear accident to date. The RBMK reactor
design was intrinsically unstable at low power and lacked a suitable containment structure.
During the test, operator actions such as removing control rods and reducing coolant flow
caused a positive void effect, which resulted in a rapid power surge due to reduced neutron
absorption. This resulted in two explosions that ruptured the reactor and ejected fuel and
graphite into the atmosphere. Fires from exposed graphite burned for 10 days, dispersing
radioactive materials over vast areas. Approximately 1.2 x 107 TBq of radionuclides were
released, including all noble gases and significant fractions of volatile isotopes, while 3—4%
of the reactor core was physically expelled (OECD NEA, 2002). Due to its scale and impact,

the event was rated Level 7 on the INES.

The Fukushima Daiichi accident began on March 11, 2011, following a 9.0-magnitude
earthquake and subsequent tsunami. These natural disasters caused total loss of on-site and
off-site power—resulting in an SBO—and rendered emergency diesel generators and cooling
systems inoperable across Units 1-3, all of which were operating at the time. Units 1, 2, and
3 experienced fuel damage, hydrogen production via zirconium-steam interactions, and
hydrogen explosions due to the inability to remove decay heat, which caused core
temperatures to rise. Radioactive materials were able to escape because of the substantial
harm these explosions caused to containment structures. Mobile generators, water injection
devices, and ground-based and helicopter cooling efforts were among the emergency
response strategies. Air, ocean, drinking water, and food were all radioactively contaminated;
high concentrations of iodine-131 and cesium-134/cesium-137 were detected (IAEA, 2015b).
Due to the magnitude of radioactive emissions in the early phases of the crisis, the incident

was first rated as Level 5, but it was subsequently elevated to Level 7.
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APPENDIX B
Rooppur NPP

In 1961, the government first proposed the construction of a NPP to meet the nation's growing
energy needs. Following extensive site evaluations based on global best practices, the Rooppur
site—which is situated on the eastern bank of the Padma River, roughly 160 km northwest of
Dhaka—was selected as the ideal location in 1963. It is about 21 km northwest of Pabna city
and 8 km from the Ishurdi sub-district center. Geographically, the area is between latitudes
24°03" and 24°04' north and longitudes 89°02' and 89°03" east (Rooppur Nuclear Power Plant
Construction Project, n.d.). The Rooppur NPP, the country's first nuclear power plant, represents
a major shift in Bangladesh's energy system.

The facility consists of two 1,200 MW, Generation III+ pressurized water reactors (PWR) plant
of AES-2006 (VVER —1200, V-392M) technology. The plant design of Rooppur NPP reactor
Units 1 and 2, incorporates the design, equipment manufacturing, construction, and
commissioning experiences of Novovoronezh NPP-II'. It has advanced engineering features that
are appropriate for Rooppur's specific seismic, hydrological, and climatic conditions. After
extensive feasibility studies, environmental impact assessments, and project site evaluations,
work began in 2013 (Bangladesh Atomic Energy Commission, 2022). Figure B-1 shows the
Google Earth image of the Rooppur site.

Imagery Date: 4/19/2024 3):

Figure B-1: Rooppur NPP Site view image taken from Google Earth
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The Rooppur NPP uses a simplified and standardized reactor design, with each reactor unit
having four coolant loops with horizontal steam generators and pumps. While turbine systems
are intended to operate for 50 years, the main reactor equipment has a 60-year service life. The
design also includes robust protection against environmental disasters such as earthquakes,
floods, tornadoes, plane crashes, and fires (Rooppur Nuclear Power Plant Construction Project,
n.d.). The Bangladesh Atomic Energy Regulatory Authority (BAERA) is responsible for
regulatory oversight. In cooperation with Russian agencies and foreign organizations such as the
IAEA, BAERA examined important documents such as the Quality Assurance (QA) program,
Probabilistic Safety Assessment (PSA), and Preliminary Safety Analysis Report (PSAR). The
project is expected to enhance energy security, reduce carbon emissions, foster regional
development, and significantly increase Gross Domestic Product (GDP) growth through both
direct and indirect economic benefits (Rooppur Nuclear Power Plant Construction Project, n.d.).
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APPENDIX C

VVER-1200 Reactor System Overview

An improvement of the well-proven VVER-1000 technology is the VVER-1200 (V-392M)
reactor with AES-2006 design, which is a member of the Generation III+ series. The design
attempts to keep the likelihood of significant radioactive release and the probability of severe
core damage below 1x107® per reactor-year and 1x107® per reactor-year, respectively ( [AEA,
2011). The VVER-1200 reactor transfers thermal energy from the core to the secondary circuit
by means of a closed-loop Reactor Coolant System (RCS). A pressurized water reactor (PWR),
four circulation loops with steam generators, reactor coolant pumps (RCPs), and connected
pipelines are all part of this system. Figure C-1 presents the key components and interconnected

equipments of the VVVER-1200 (AES 2006) reactor.

Primary System Components

Reactor Pressure Vessel

The reactor's internal components, which are contained in a vertical pressure vessel, include the
core barrel, baffle, and protective tubes. There are control rod drives at the top of the head. In a
reinforced concrete cavity with seismic barriers and thermal protection, the reactor vessel is

securely fastened.

Passive annulus

Inner filtration system System of 2nd-stage
containment i \ ey hydro accumulators
Outer I I System of 1st-stage

containment hydro accumulators

Annulus
Passive heat removal
system from the steam
generator
Press: r
Steam Main
U generator  Steam

(1]
=

=
1
o L2
_j“
3

r é "hd & Condenser
HPH ‘_, Eg[cv

V"

——

Primary  Corium catcher Active emergency core
www.rosatom.ru circuit cooling system (ECCS)

Figure C-1: Main Components of the VVER-1200 (AES 2006) Plant (ROSATOM, n.d.).
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Steam Generator (SG)

A horizontal SG, consisting of bundles of heat-exchange tubes housed inside a cylindrical steel
vessel, is installed in each loop. Hydraulic expansion of the U-shaped tubes creates primary
collectors with corrosion-resistant coating and thick walls. The horizontal design reduces the
height of the building and increases seismic stability. Heat-exchange tubes, which serve as a
connection between the radioactive primary circuit and the SGs, prevent radioactive leakage.
Pressurizer

To ensure pressure stability in the primary circuit, the pressurizer, a vertical cylindrical vessel, is
equipped with internal heaters and spray systems. It is essential for controlling system pressure
in transient, steady-state, cooling, and startup situations.

Reactor Coolant Pump (RCP)

RCPs are made to coast down in the event of a power failure and circulate coolant continuously.
They have a pressure head of 0.588 MPa and a flow rate of 21,500 m%h (IAEA, 2011).

Main Coolant Pipeline

The reactor, steam generators, and RCPs are all connected by the main coolant pipeline. Its 850
mm internal diameter and "leak-before-break" design principles assure optimal flow rates and
low pressure loss. In order to minimize operating losses, it also has heat insulation and hot and
cold legs.

Core and Fuel Design

Each of the 163 fuel assemblies (FAs) that comprise the reactor core contains 312 fuel rods
filled with up to 5% enriched uranium dioxide (UO;) pellets. For corrosion resistance and
structural integrity, the rods are covered with zirconium alloy. For reactivity control, the core
incorporates 121 control rod cluster assemblies (RCCAs), which are operated by actuators
powered by electromagnets. 42 new FAs are normally reloaded each year, and the fuel can reach
up to 60 MWd/kgU in burnup over a 12-month cycle. The average linear heat generation rate is
167.8 W/em (IAEA, 2011).

Auxiliary Systems

Auxiliary systems help with primary operations by providing compressed air for valve actuation,
nitrogen for gas blowdowns, hydrogen ignition systems to avoid explosive mixes, and
ventilation systems to assure radiological and environmental safety. These auxiliary systems
make maintenance easier, keep operations running smoothly, and keep people safe.

Operating Conditions
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The VVER-1200 is designed for 100% nominal power under standard operation. It supports
flexible load maneuvering and transient conditions without requiring reactor trips, with power
ramp rates ranging from 0.017 to 3% of nominal power per minute. The reactor follows a once-
through, open fuel cycle with refueling intervals of 12 months and a total cycle length of

approximately 4 years. It is possible to operate for up to 20 months (IAEA, 2011).

Advanced Safety features of VVER-1200 Reactor

The VVER-1200 reactor has improved thermal power capacity and reliability in heat removal
from the reactor core compared to the VVER-1000, due to enhancements in primary and
secondary circuit parameters (pressure and temperature) and a 2000 m*h increase in main

circulation pump performance (Asmolov.et al., 2017).

The VVER-1200 reactor incorporates a robust design with defense-in-depth, double containment
with a ventilated gap, and a system to retain molten core material called core catcher. Reactor
includes passive heat removal and core flooding systems with secondary hydraulic accumulators
for cooling during blackouts (Asmolov et al., 2017). In the VVER-1200 reactor, the stage 1 and
stage 2 passive safety hydraulic accumulators function independently for up to 24 hours and
significantly longer (IAEA, 2011). Additionally, the four-channel Steam Generator Passive Heat
Removal System (SG PHRS) in the secondary circuit can operate for up to 72 hours during
accidents involving a complete station blackout, even in the absence of operator intervention for
steam generator feed-water failures (Rosatom Technical Academy & National Research Nuclear
University “MEPhI”, 2019). A core-catcher at the containment base may manage core melt
accidents by reducing pressure, temperature, hydrogen, and radioactive gases, preventing

explosions.

To improve stability against rare events like Fukushima and enhance operational independence
during BDBA, the VVER-1200 design includes additional measures such as spent fuel pool heat
removal, alternative reactor cooling, and continuous safety monitoring. Additional systems for
increased safety include a mobile emergency diesel generator, mobile pumping unit, ventilation

cooling tower,
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360 Weather Scenarios
Monte Carlo N Stability
random Random Precipitation class
Yearl}" Month.ly sampling Random | values type based on based
Scenario Month Scenarios . . CONDITIONAL
No No. wind speed Time (0-.1) for FORMULA of on
(m/s) based rainfall Table 4-4 Table 3-
on Table 4-4 4
1 1 1.8 Night 0.5 No Precipitation F
2 2 1.8 Day 0.5 No Precipitation B
3 3 2.0 Day 0.7 No Precipitation B
4 4 1.6 Day 0.9 No Precipitation B
5 5 2.9 Day 0.2 No Precipitation B
6 6 1.9 Day 0.9 No Precipitation B
7 7 3.1 Night 0.4 No Precipitation E
8 8 34 Night 0.5 No Precipitation E
9 9 2.6 Day 0.1 No Precipitation B
10 10 1.5 Night 0.6 No Precipitation F
11 11 1.7 Day 0.2 No Precipitation B
12 12 2.3 Day 0.6 No Precipitation B
13 13 1.9 Day 0.8 No Precipitation B
14 January 14 2.6 Night 1.0 light E
15 15 2.1 Night 0.1 No Precipitation E
16 16 3.1 Day 0.0 No Precipitation C
17 17 2.9 Night 0.5 No Precipitation E
18 18 2.7 Day 0.7 No Precipitation B
19 19 23 Night 0.4 No Precipitation E
20 20 3.1 Night 0.3 No Precipitation E
21 21 2.9 Day 0.9 No Precipitation B
22 22 3.0 Day 0.4 No Precipitation B
23 23 24 Day 0.2 No Precipitation B
24 24 1.9 Night 0.8 No Precipitation F
25 25 2.7 Night 0.3 No Precipitation E
26 26 2.9 Night 0.1 No Precipitation E
27 27 1.8 Night 0.3 No Precipitation F
28 28 23 Day 0.1 No Precipitation B
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29 29 2.3 Day 0.2 No Precipitation B
30 30 2.8 Night 0.2 No Precipitation E
31 1 4.4 Night 0.2 No Precipitation E
32 2 23 Day 0.0 No Precipitation B
33 3 2.7 Day 0.7 No Precipitation B
34 4 3.0 Day 0.8 No Precipitation B
35 5 2.2 Night 0.2 No Precipitation E
36 6 23 Night 0.8 No Precipitation E
37 7 2.2 Day 0.6 No Precipitation B
38 8 2.0 Day 0.5 No Precipitation B
39 9 3.0 Day 0.6 No Precipitation B
40 10 2.8 Day 0.5 No Precipitation B
41 11 2.2 Day 0.9 No Precipitation B
42 12 34 Day 1.0 light D
43 13 1.8 Day 0.5 No Precipitation B
44 14 2.9 Night 1.0 light E
45 15 2.6 Night 1.0 light E
46 16 3.0 Day 0.3 No Precipitation B
47 17 2.2 Day 0.6 No Precipitation B
48 18 2.6 Day 0.9 No Precipitation B
49 February 19 1.7 Night 0.3 No Precipitation F
50 20 2.3 Night 0.7 No Precipitation E
51 21 1.2 Night 0.7 No Precipitation F
52 22 2.2 Day 0.5 No Precipitation B
53 23 2.2 Night 0.8 No Precipitation E
54 24 2.6 Day 0.3 No Precipitation B
55 25 2.8 Day 0.6 No Precipitation B
56 26 4.0 Day 0.1 No Precipitation C
57 27 2.0 Day 0.1 No Precipitation B
58 28 1.6 Day 0.1 No Precipitation B
59 29 3.1 Night 0.8 No Precipitation E
60 30 2.6 Night 0.8 No Precipitation E
61 1 2.2 Night 0.1 No Precipitation E
62 2 3.1 Night 0.6 No Precipitation E
63 3 2.7 Night 0.4 No Precipitation E
64 4 3.1 Day 0.1 No Precipitation C
65 5 34 Day 0.5 No Precipitation C
66 6 24 Day 0.0 No Precipitation B
67 7 2.8 Night 0.1 No Precipitation E
68 8 2.9 Day 0.9 No Precipitation B
69 9 4.4 Night 0.2 No Precipitation E
70 10 1.5 Day 0.4 No Precipitation B
71 11 1.6 Night 0.9 light E
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72 12 2.8 Day 0.5 No Precipitation B
73 13 3.2 Day 0.8 No Precipitation C
74 14 1.3 Day 0.0 No Precipitation B
75 March 15 1.8 Day 0.4 No Prec%p%tat%on B
76 16 2.8 Day 0.7 No Precipitation B
77 17 3.0 Night 0.5 No Precipitation E
78 18 34 Night 1.0 moderate D
79 19 4.0 Day 0.0 No Precipitation C
80 20 3.9 Day 0.1 No Precipitation C
81 21 2.8 Day 0.5 No Precipitation B
82 22 3.8 Day 0.6 No Precipitation C
83 23 3.7 Night 0.4 No Precipitation E
84 24 4.7 Night 0.1 No Precipitation E
85 25 1.2 Night 0.9 light E
86 26 24 Night 0.8 No Precipitation E
87 27 33 Night 0.2 No Precipitation E
88 28 3.0 Day 0.2 No Precipitation B
89 29 34 Day 0.8 No Precipitation C
90 30 2.6 Day 0.4 No Precipitation B
91 1 3.8 Day 0.3 No Precipitation C
92 2 2.3 Day 0.8 No Precipitation B
93 3 4.8 Day 0.6 No Precipitation C
94 4 3.5 Night 0.8 light D
95 5 4.0 Night 0.1 No Precipitation E
96 6 3.6 Night 0.2 No Precipitation E
97 7 3.7 Night 0.8 light D
98 8 3.1 Night 0.1 No Precipitation E
99 9 34 Day 0.3 No Precipitation C
100 10 4.0 Night 0.7 No Precipitation E
101 11 2.8 Day 0.3 No Precipitation B
102 12 33 Day 0.3 No Precipitation C
103 13 3.7 Day 0.9 light D
104 14 33 Night 0.2 No Precipitation E
105 . 15 2.8 Day 0.7 No Precipitation B
106 April 16 3.9 Night 0.0 | No Precipitation | E
107 17 3.9 Night 0.5 No Precipitation E
108 18 1.6 Night 0.1 No Precipitation F
109 19 4.4 Night 0.3 No Precipitation E
110 20 3.9 Night 0.9 light D
111 21 3.6 Day 0.7 No Precipitation C
112 22 1.9 Night 0.9 light E
113 23 2.6 Night 0.1 No Precipitation E
114 24 2.9 Night 0.8 No Precipitation E
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115 25 2.0 Day 0.3 No Precipitation B
116 26 3.7 Night 0.9 light D
117 27 2.4 Day 0.3 No Precipitation B
118 28 34 Day 0.4 No Precipitation B
119 29 2.0 Day 0.3 No Precipitation B
120 30 3.0 Day 0.8 No Precipitation B
121 1 3.9 Day 0.6 No Precipitation C
122 2 5.0 Day 0.1 No Precipitation C
123 3 2.9 Day 0.1 No Precipitation B
124 4 3.5 Day 0.1 No Precipitation C
125 5 5.5 Night 0.8 light D
126 6 2.4 Night 0.0 No Precipitation E
127 7 3.8 Night 0.8 light D
128 8 4.7 Night 0.1 No Precipitation E
129 9 3.2 Night 0.9 light D
130 10 4.6 Day 0.3 No Precipitation C
131 11 34 Night 0.1 No Precipitation E
132 12 24 Night 0.3 No Precipitation E
133 13 3.6 Night 0.0 No Precipitation E
134 14 2.6 Night 0.8 light E
135 15 2.7 Day 0.3 No Precipitation B
136 May 16 2.5 Night 0.4 No Precipitation E
137 17 2.7 Night 0.3 No Precipitation E
138 18 2.8 Day 0.4 No Precipitation B
139 19 4.0 Night 0.4 No Precipitation E
140 20 4.9 Night 0.6 No Precipitation E
141 21 4.5 Day 0.5 No Precipitation C
142 22 3.8 Night 0.1 No Precipitation E
143 23 2.8 Night 0.3 No Precipitation E
144 24 4.1 Day 0.1 No Precipitation C
145 25 4.7 Night 0.9 light D
146 26 1.7 Night 0.9 light E
147 27 4.6 Day 0.5 No Precipitation C
148 28 3.0 Day 0.2 No Precipitation C
149 29 2.7 Night 0.6 No Precipitation E
150 30 1.5 Night 0.8 light E
151 1 4.6 Day 0.8 light D
152 2 2.0 Night 0.2 No Precipitation F
153 3 3.5 Night 0.7 light D
154 4 3.0 Night 0.8 light E
155 5 3.0 Day 0.1 No Precipitation B
156 6 2.4 Night 1.0 moderate E
157 7 33 Day 1.0 moderate D
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158 8 3.9 Day 0.4 No Precipitation C
159 9 4.2 Day 0.1 No Precipitation C
160 10 3.6 Day 0.9 moderate D
161 11 4.4 Day 0.8 light D
162 12 4.1 Night 0.3 No Precipitation E
163 13 4.3 Night 0.8 light D
164 14 4.2 Night 0.0 No Precipitation E
165 June 15 5.2 Day 0.3 No Precipitation D
166 16 3.1 Night 0.4 No Precipitation E
167 17 4.1 Day 0.5 No Precipitation C
168 18 6.5 Day 0.1 No Precipitation D
169 19 4.7 Night 1.0 Heavy D
170 20 4.6 Night 0.7 light D
171 21 5.1 Night 0.2 No Precipitation D
172 22 33 Day 0.1 No Precipitation C
173 23 4.9 Day 0.8 light D
174 24 5.0 Day 0.5 No Precipitation C
175 25 34 Night 0.2 No Precipitation E
176 26 4.4 Day 0.7 light D
177 27 4.2 Day 0.8 light D
178 28 1.4 Day 0.1 No Precipitation B
179 29 4.3 Night 0.8 light D
180 30 33 Day 0.5 No Precipitation C
181 1 4.6 Day 0.9 moderate D
182 2 4.9 Night 0.8 light D
183 3 3.0 Day 0.0 No Precipitation B
184 4 2.7 Night 0.7 light E
185 5 4.0 Day 0.3 No Precipitation C
186 6 5.5 Night 0.9 moderate D
187 7 33 Night 0.4 light D
188 8 54 Night 0.7 light D
189 9 3.6 Night 0.4 light D
190 10 2.5 Day 0.4 light C
191 11 2.1 Day 0.5 light C
192 12 3.9 Night 0.1 No Precipitation E
193 13 4.1 Night 0.3 No Precipitation E
194 14 3.9 Night 0.8 light D
195 July 15 3.9 Day 0.3 No Precipitation C
196 16 4.5 Night 0.5 light D
197 17 33 Night 0.9 moderate D
198 18 3.1 Night 0.8 light D
199 19 3.8 Day 1.0 Heavy D
200 20 3.6 Night 0.5 light D
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201 21 4.2 Day 1.0 moderate D
202 22 4.4 Day 0.4 light D
203 23 2.9 Day 0.9 moderate C
204 24 3.7 Night 0.2 No Precipitation E
205 25 4.3 Night 0.2 No Precipitation E
206 26 4.0 Day 0.5 light D
207 27 4.6 Night 0.4 light D
208 28 3.9 Night 0.4 light D
209 29 3.8 Day 0.2 No Precipitation C
210 30 3.8 Night 0.6 light D
211 1 3.1 Night 0.5 light D
212 2 3.2 Night 0.1 No Precipitation E
213 3 3.2 Night 0.7 light D
214 4 4.6 Day 0.6 light D
215 5 2.9 Night 0.5 light E
216 6 3.7 Night 0.5 light D
217 7 2.9 Day 0.8 light C
218 8 3.2 Night 0.3 No Precipitation E
219 9 2.7 Day 0.6 light C
220 10 3.6 Night 0.1 No Precipitation E
221 11 33 Night 0.0 No Precipitation E
222 12 3.9 Night 0.3 No Precipitation E
223 13 52 Day 0.9 light D
224 14 4.4 Night 0.4 No Precipitation E
225 15 4.3 Day 0.0 No Precipitation C
226 16 3.1 Night 0.3 No Precipitation E
227 August 17 3.2 Day 0.8 light D
228 18 3.8 Night 0.2 No Precipitation E
229 19 4.9 Night 0.0 No Precipitation E
230 20 33 Day 0.4 No Precipitation C
231 21 4.1 Night 0.5 light D
232 22 3.8 Night 0.4 No Precipitation E
233 23 3.5 Night 0.3 No Precipitation E
234 24 2.8 Day 0.6 light C
235 25 3.6 Day 0.3 No Precipitation C
236 26 3.8 Night 0.6 light D
237 27 3.6 Night 1.0 moderate D
238 28 3.6 Night 0.1 No Precipitation E
239 29 23 Night 0.9 light E
240 30 1.4 Day 0.9 light C
241 1 2.1 Night 0.8 light E
242 2 2.8 Day 0.8 light C
243 3 2.8 Day 0.3 No Precipitation B
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244 4 1.0 Day 0.9 moderate C
245 5 1.1 Day 0.3 No Precipitation B
246 | September 6 3.3 Day 0.7 light D
247 7 2.8 Night 0.3 No Precipitation E
248 8 4.8 Night 0.2 No Precipitation E
249 9 1.7 Day 0.3 No Precipitation B
250 10 4.3 Day 0.1 No Precipitation C
251 11 3.8 Night 0.9 moderate D
252 12 2.0 Night 0.3 No Precipitation F
253 13 3.0 Day 0.7 light C
254 14 3.1 Day 0.3 No Precipitation C
255 15 2.3 Day 0.4 No Precipitation B
256 16 2.8 Day 0.1 No Precipitation B
257 17 2.8 Night 0.1 No Precipitation E
258 18 3.9 Day 0.1 No Precipitation C
259 19 0.1 Day 0.1 No Precipitation B
260 20 3.6 Night 0.4 No Precipitation E
261 21 3.2 Day 0.5 light D
262 22 24 Night 0.4 No Precipitation E
263 23 2.5 Day 0.2 No Precipitation B
264 24 3.6 Night 0.8 light D
265 25 3.2 Night 0.9 moderate D
266 26 2.6 Day 0.7 light C
267 27 2.3 Day 0.9 moderate C
268 28 2.6 Night 0.1 No Precipitation E
269 29 2.7 Night 0.2 No Precipitation E
270 30 1.8 Night 0.8 light E
271 1 1.9 Day 0.0 No Precipitation B
272 2 1.6 Day 0.7 No Precipitation B
273 3 3.8 Night 0.2 No Precipitation E
274 4 2.1 Day 0.2 No Precipitation B
275 5 1.7 Night 0.5 No Precipitation F
276 6 1.7 Night 0.9 light E
277 7 1.2 Night 0.4 No Precipitation F
278 8 1.8 Day 0.8 light C
279 9 1.9 Day 0.1 No Precipitation B
280 10 3.5 Day 0.2 No Precipitation C
281 11 2.1 Night 1.0 moderate E
282 12 1.8 Day 0.6 No Precipitation B
283 13 2.4 Night 0.3 No Precipitation E
284 14 3.0 Day 0.8 light C
285 15 2.7 Night 0.8 light E
286 October 16 2.7 Night 0.1 No Precipitation E
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287 17 2.5 Day 0.1 No Precipitation B
288 18 2.4 Night 0.7 No Precipitation E
289 19 2.6 Day 0.5 No Precipitation B
290 20 2.5 Night 0.8 light E
291 21 2.6 Day 0.9 light C
292 22 2.4 Night 0.7 No Precipitation E
293 23 2.2 Night 0.3 No Precipitation E
294 24 3.1 Night 0.3 No Precipitation E
295 25 2.0 Day 0.9 light C
296 26 1.9 Day 0.9 light C
297 27 2.9 Night 0.3 No Precipitation E
298 28 33 Night 0.3 No Precipitation E
299 29 1.3 Night 0.4 No Precipitation F
300 30 23 Day 0.7 No Precipitation B
301 1 3.2 Night 0.5 No Precipitation E
302 2 2.1 Night 0.8 No Precipitation E
303 3 2.0 Night 0.7 No Precipitation F
304 4 1.2 Day 0.3 No Precipitation B
305 5 2.0 Night 0.5 No Precipitation E
306 6 0.7 Night 0.8 No Precipitation F
307 7 1.8 Day 0.4 No Precipitation B
308 8 2.0 Day 0.3 No Precipitation B
309 9 1.5 Day 0.1 No Precipitation B
310 10 24 Day 0.8 No Precipitation B
311 11 2.5 Day 0.6 No Precipitation B
312 12 3.2 Night 0.6 No Precipitation E
313 13 2.0 Day 0.2 No Precipitation B
314 14 1.2 Night 0.4 No Precipitation F
315 15 2.0 Day 0.2 No Precipitation B
316 16 2.4 Day 0.1 No Precipitation B
317 17 2.3 Night 0.4 No Precipitation E
318 18 3.1 Day 0.9 No Precipitation C
319 19 1.9 Night 0.3 No Precipitation F
320 November 20 2.2 Night 0.7 No Precipitation E
321 21 2.5 Night 0.7 No Precipitation E
322 22 2.7 Day 0.0 No Precipitation B
323 23 1.8 Night 0.9 No Precipitation F
324 24 24 Day 0.3 No Precipitation B
325 25 2.1 Night 0.2 No Precipitation E
326 26 2.6 Day 0.2 No Precipitation B
327 27 2.6 Night 0.9 No Precipitation E
328 28 1.8 Day 0.4 No Precipitation B
329 29 3.5 Day 0.0 No Precipitation C
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330 30 2.3 Night 0.4 No Precipitation E
331 1 2.7 Night 1.0 light E
332 2 2.5 Day 0.4 No Precipitation B
333 3 2.4 Night 0.6 No Precipitation E
334 4 33 Night 0.8 No Precipitation E
335 5 2.7 Day 0.4 No Precipitation B
336 6 2.9 Day 0.0 No Precipitation B
337 7 3.1 Day 0.5 No Precipitation C
338 8 2.7 Day 0.3 No Precipitation B
339 9 1.7 Night 0.8 No Precipitation F
340 10 2.5 Day 0.7 No Precipitation B
341 11 3.1 Night 0.8 No Precipitation E
342 12 2.1 Night 0.8 No Precipitation E
343 13 1.7 Day 0.6 No Precipitation B
344 14 3.0 Day 0.7 No Precipitation B
345 December 15 2.5 Night 0.4 No Precipitation E
346 16 33 Night 0.1 No Precipitation E
347 17 2.5 Day 0.2 No Precipitation B
348 18 3.0 Night 0.4 No Precipitation E
349 19 2.3 Night 0.6 No Precipitation E
350 20 3.1 Night 0.7 No Precipitation E
351 21 2.5 Night 0.7 No Precipitation E
352 22 2.5 Day 0.7 No Precipitation B
353 23 3.1 Day 0.5 No Precipitation C
354 24 1.5 Day 0.9 No Precipitation B
355 25 2.9 Night 0.2 No Precipitation E
356 26 1.7 Night 0.6 No Precipitation F
357 27 2.2 Day 0.4 No Precipitation B
358 28 2.5 Night 0.2 No Precipitation E
359 29 1.5 Day 0.1 No Precipitation B
360 30 1.8 Day 0.0 No Precipitation B

[227]



Mahamudul Hasan
Typewritten text
Dhaka University Institutional Repository


Dhaka University Institutional Repository

APPENDIX E

Simulation Steps Snapshot

(a) RASCAL

File Seltings - Nuclide Data Viewer - Site/ Facility Data Viewer

@ Eventlype

NPP Reastar

Rooppur NFF 1

I Impart

Help

Case Summary

Event Type Nuclear Power Plant
Case description
24 hr release calculation

Location
Rooppur NPP 1

ame:
City, county, state Ishward, Bangladesh, Pabna

Lat/Long/ Elev: 24.0672° N, B9.0460° E, 14 m
Long Tem Staton Blschout UTC Offset 6 hours
(SOARCA) Population not available
R Reactor power: 2120wt
Peak rod bum-up: 30000 MWd / MTU
Containment type. PWR Dry Ambient
s, S
7 7 Design pressure 50 Ibfin®
e o Design leak rate: 010 %/d L

@ Calculate Doses

etailed Results

Fiint

Mainum Dose Values

Souce Tem

Case Summary

Select the release pathway option to be used in the calculations

& Conkainment lsakage/faiure
| Steam generator tube upiue

€ Conkainment bypass
| FWRDry Containment — LeakageFailure
i ¥

[—
oyt
i » o
i
[ , ,
i
| Conteser L _ Caea |
— Help

i Auxiiary Buiding Containment Turbing Buiiding Pt |

(a)

[ Source Term Options for Nuclear Power Plant

Source term based on reactor conditions

There i an oplion (@ have the madel generate a more accurte
core/RCS inventory. This featute needs nfomation about the reactor
fusl management practices thet s ot inthe FASCAL faciiy detabase.
To add this iformstion and enable the option, uss the Cieate asclar
Inventary Base Fil tool fram the RASCAL man sereen

& Lang Tem Stalion Blackaul [S04RCA)
€ LOCA INUREG-1465)

|| " Coolant Release Accidents

For cetall and guidance see Help

" Containment Radiation Monitor I Use custom eore/RCS inventory

Source term based on nuclide specific data

| Coolant Sample
" Containment Air Sample

| Effluent Releases - by Mistures
" Effuent Releas Rates - by Nuclide Cancel
€ Effluent Fielsass Concertrations - by Nudlide Help

|

(b)

[ Long Term Station Blackout (SOARCA)

1400

Expected duation of cooling - | 24.0 haurs

Feactor shuldowr;

e v

" Yes
* No

ECLS available and
operating

Core release staits at: 2020:01-02 22.00 (3D + 8h)

Method used for core damage extimate
" Core recovered
# Yes

ZDZDIDUDSj 08:00

Mo

" Specified damage amourt

File Stations

(d)

£ PWR - Dry Containment Leakage or Failure

|3‘/.\esk rate_10m

F

Fathway desciption. (optianal; 60 character may]

Fielease height 100

Release linings: Core release staits: 20200102 22.00

Leak rale to aimosphere (% Percent volame / tive
desciber by

© Containment pressure / hole size

Dale

Event seting

Add Flow
Pemove Row

Soit Rows
Clear il

ime
2200
2200
0300

2020/01/02
2020/01/02
2020/01/03

Cancel
Help

Help

Location

Location:  Flooppur NFF 1 (Diher]
Latiude: 24,0672 N
Logiude: 99 0450'E iy staions vithin 126 iles a2 shown.

Awalable meteorological stations:

Summarv

Station Summary

6 Cedrgfabee o =
| - :
€ Coemel 100 =1 percent
Cancel
€ Vessel melt through
Help

(c)

(f)
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£ Start the Calculations

File Settings Nuclide Data Viewer _Site / Faciity Data Viewer _ Help

[ Specify options and title for this set of calculations, then OK to begin calculations.

|4-gay Groundshine  1.3E+00 58E-01 20E-01 20E-01 15E-01 13E01 57E02 22602
Inter Phase 15tV 1.0E+01 5.2E+00 26E+00 1.8E+00 14E+00 11E+00 5.2E-01 20E-01

1~ Distamce of rE
£ Closerin+ outto 10mies (16 km) Till Event Type .
€ Clasein s oLt ta 25 miles (40 k] f U NPP Reaclor Maximum Dose Values (Sv) - Close-In 2
|
% Dlosein + out 10 50 mies (30 k) g et naiocian) Distfrom release |
B @ Event anxlmnj miles 031 062 124 186 249 311 621 1243 | |
£ Close-in + out to 100 miles (160 k] L L (kilometers) ©5) ) @) @) ) ) (10) (20) |
. 24 r release calcultion [— I
|Total EDE 58E+00 25E+00 1.3E+00 87E-01 BS5E-01 55E-01 25E-01 9.6E-02 }:‘
Using close-in distances in kilometers: |Thyroid CDE 45E+01 20E+01 97E+00 B.8E+00 51E+00 42E+00 20E+00 75E-01 |
05,10,20,30,40,50,100,200 (Child Thyroid CDE ~ 85E+01 37E+01 19E+01 13E+01 O7E+00 BOE+00 37E+00 14E+00 |
e = Inhalation CEDE ~ 44E+00 19E+00 O5E01 66ED1 50E01 42601 10E01 73£02 | |
 Defaults T~ Import Cloudshine 40E-02 21E-02 11E-02 68E-03 53E-03 45603 24E-03 10E-03 | !
|
|

Long Term Station Blaskout
(SOARCA)

 Ussrdefined ¢t Close Distances
5 5 Inter Phase 2ndVr  BAE+00 27E+00 13E+00 93E:01 7

Statt o release o almosphere:
20200102 2200 (o elease pattway defniton) Release Path Notes
il

PR D | Doses exceeding 2013 EPAInterim PAGS are underlined.
End calultons & - Eaty-Phase PAGs: TEDE - 10 mSy
. - Thytoid CDE - adulhyroid dose from exposure o all adionucldes - .
@ e e D s oD g 7.t in 1992 EPAPAG (nnnorim PAG -nof indained ,
Actual Observations
€ Userspesiocine:  [22001708 -| [Z200 Anlyst Value dsplayed @ Closern doss Display rits: C Engish

g  Dosssto S0 ies @ Matic
& FalsAL KEae Defrins Pint
Inalaion dose factos to s n caleutons — o I ——

© ICRP 28/30

bl SaveCase T T CiTgn. ] Masimun Dose Values
Hep Cancel ot ]

(g) (i)

File Settings Nuclde Data Viewer Site Facilty Data Viewer ~ Help.
Fesut Type
e € Inhalation CEDE € Edemnal Ganma Exposure Fate € Acute Bone Dose Total
g Event Type
Source Term B & TEDE 4 Cloudshine Dose [cloudshine + groundshine) £ Acuts Bone from Irhalation Orly
NEF Reactar 1
» ( 4Day Groundshine Dose  EnemalGanma + Beta Exposute ke € Acute Lung Doss
Summary of activity released to atmosphere
 Acute Colon Dose
LN Bq % of total i
Rooppur NFP 1 Noble gas 2.0E+17 66.8 Noble gas /1431 ratio = 16:1 £ Thyoicoe Grourdsine Dose Over Defned Tine Peiod
lodines  5.5E+16 181  Giownd Concentraion - Totd
(Other  46E+16 151 € Chid Thyroid COE
Total  34EHT 1000 " Giound Concentraion of. |4 241
1ot peatItemedie Phase TEDE
L ingon |Approximate activity balance at end of simulation !
Long Term Station Blackout 1.2E+20 Bq " 2nd yeat ntemedate Phass TEDE
el gg’;a‘"m"‘ :;E*;g gq £ B0 Inemetiate Phase TEDE O A E e e
+00 B
Release Path Steam generator 0.0E+00 Bq
FWA Dy Enviranment 31E+17 Bg Time Period for Exposure: Display Fomat Display Units
List of all radionuclides released with total activity G Statof el o e of aleulton Fiom 8 e caleualon € Engich
Meteorology Nuclide B uclide Bq Nuclide Bq L  Fuopint el
T Am241  14E+0T Mo99  49E+15 Sr91 226414 L
Ba-139  79E+11 Np-95 14E+13 §r-92 1.6E+13 From:
Batdd  98E+14 Nb95m  11E+10 Tc99m  46EHS 202001 022200 : 0 e
Ce-141 32E+14 Np-97 4.0E+11 Te-27 1.3E+15
@ Calculate D Ne-143 ?21F+14 Ne-147 ROF+12. Te-12Tm 2 (F+14 )4 To mﬂ
e Dispay urits 202001 05 2200 :
€ Ergish Fiom dlosen calslaion
[ Detailed Results @ View Balance View Inpatance Relzase vs, Tine Pint
| \ || e T
R IS 6 e G 0 2200 3
e we | [0 aaeee ) H £ Nt i

(h) ()

Figure E-1: (a) — (j) RASCAL simulation input and output steps
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(b) HotSpot

File  Help
Models Source Term Meteorology Receptors Setup Output
- Atmospheric Dispersion Models
€ Plutonium Explosion € Plutonium Fire € Plutonium Resuspension
€ Uranium Explosion € Uranium Fire © Titium Release
€ General Explosion  General Fire £ General Resuspension
|
© General Plume
I - Special Purpose Programs
i
. © FIDLER Calibration & Lung Screening
€ Radionuclides in the Workplace

HotSpot QC

File Help
| ‘ Models | Source Term | Meteorology Receptors | Setup | Output |
Location Designators SelectAll | Receptor Height
[15m
HotSpot Default Distances | Unselect All |
[~ Coordinate Positions for Table Output (km)

®o1 pi=0s ~on pu=32

®o2 p2=1 ~ o2 piz=3

P03 D32 P ot3 pi3=e0

¥ D4 [D4=3 ~ p14 pla=44

¥ D5 [Ds5=4 ~ 15 pis=48

¥ D6 [D6=5 ~ot6 pi6=52

¥ D7 [D7=10 ~ o pir=s6

| ¥ D8 [D8=20 ~ o8 p1g=e0
~ D9 [D9=24 ot pio=r2

D10 [D10=28 o p2=80

(a)

o

T B mE

[Paper 3 Mixeri2c_New_Case_6.mix
Input Radionuclide Source Term

Effective Release Height
0m

T calculate Plume Rise

Damage Ratio (OR)
1.000

Leakpath Factor
1.000

Explosion Model ARF Distribution
Default HotSpot Vertical ARF

Mixing Layer
I Enable Inversion

Holdup Time
[ |

File Help File Help
Models Source Term | Meteorology | Receptors | Setup | Output | Models | Source'rerm| Meteorology | Receptors Setup | Output
_ Tenain Sample Time Radiological Units Distance Units
Model : Genel Sl & Standard/Rural (Conservative 180 min € Classic (rem, rad, Ci)
Radionadide R Surface Roughness: 20.0 & Si(Siever, Gray, Bq)

Non-respirable Deposition Velocity
6 cmisec
Wet Daposition
- Rainout Coefficient
Enable RaiNout [ 00 or 17060

DCF Library

|| Ground Shine &

Exposure Time: (Start: 0.00 days; Duration: 4.00 days)

I Change Exposure Parameters

1% Include Ground Shine (Weathering Correction Factor : None)

I¥' Include Resuspension (Resuspension Factor - Maxwell-Ans paugh)

© FGR11
© FGR13

© Acute (30-days)

|| Contours
TED (Sv) Deposition (kBg/m2)
inner[o.10 inner  [3700.00
widde  [370.00
Mo 0o 0 e Bl
| ouer [o01 Outer  [37.00

Breathing Rate
333504 m3s

(b)

File  Help

Models | Source Term Me(eorology' Receptors |

10-meter Wind Speed
M I™ Display Wind Chart

Wind Direction

Setup |

Output
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Figure E-2: (a) — (f) HotSpot simulation input and output steps
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APPENDIX E Simulation Steps Snapshot

(¢) HYSPLIT

# Deposition Definition for Pollutant 1 4. (==
HYSPLIT4 Set Simple Particle or Gas Dry Deposition Wet Deposition
_ Anintegrated system for computing
Ll S Defaults—>  ( Particle (* Gas € Yes % No € Yes  No

Preconfigured: ( Cs137 & Il3lg ( Il3lp (* HTO  FMDV

Starting time (YY MM DD M) : [21 01 01 00 Particle Diameter(um), Density(g/cc), Shape :1.0 1.0 1.0
tumbor of starting locations: 1 ——> FEERRERER R El] Vel(m/s), Mol Wgt(g), A-Ratio, D-Ratio, Henry: 0.001 0.0 0.0 0.0 O.
Total run time (hrs) Dizrection Top of model (m agl) |
oE & Furd C Back [10000.0 Henry's (M/a), In-cloud(1/1), Below-cloud(l/s): (0.0 8.0E-05 8.0E-05
e e Ml e |Ra&i.oacti.ve decay half-life (days) oo

Add Meteorology Files |C Selected Files: |1
+/PHD_DU/HYSPLIT/HYsplit meteorol| [extract 21141 bin Pollutant Resuspension Factor(l/m) :0.0

Pollutant, Depo:

(d)

| _ouit B8 W Save as [ Retrieve W save |

. Create Optional Concentration

Set fixed or automatic TIME STEPS (1):
Define subgrid and MSL/AGL UNITS (2):
v Pollutant, Concentration Grid, and Deposition setup | =B B | ConbEnie toloes on PR IR oo IR EE -
E ) oo ,,epomlm Set particle/puff RELEASE NUMBER limits (4): m
"“‘F'— Rum=|— Num= 2 Set the puff SPLIT-MERGE parameters (5): -
Givasia Lo bl g sl Define EMISSION CYCLING or input file (6): m
" Specie 2  Grid 2 " Specie 2
Configure the TURBULENCE method (7):
" Specie 3 " Grid 3 " Specie 3
s S roGrid 4 s Sy Concentration GRID PACKING method (8): m
pecie 2k pecie
[ Specie 5 Grids ¢ specie 5 Input and output PARTICLE FILES (9): m
 Specie 6 ¢ Grid 6 1~ Specie 6 In-Line chemical CONVERSION MODULES (10): m
 Specie 7 (" Grid 7 " Specie 7 Meteorological grid offset ENSEMBLE (11):

(b)

k. [ | S B SvuiaTion Log  T— T | <

Model started .. a

Center of Lat and Lon :0.0 0.0 HYSPLIT4 - Initialization

Last Changed Rev: 854
i Last Changed Date: 2017-01-12 10:47:54 -0500 (Thu, 12 Jan 2

Spacing(deg) Lat, Lon 10,1 0.1 |
Span (deg) Lat, Lon :[10.0 10.0

# Definition of

NOTICE main: using namelist file -
SETUP.CFG

Calculation Started ... please be patient
8

Percent complete: i)
Output grid directo; . Percent complete: 16.7
b R L Percent complete: 25.0
I Percent complete: 33.3
Output grid file name : roop RO.01 Jan 21 Percent complete: 41.7 |
S i e Percent complete: 50.0
Percent complete: 58.3
Hum of wertical levels =2 Percent complete: 66.7
Percent complete: 75.0
Percent complete: 83.3
Height of level: T .o 100 Percent complete: 91.7
i 2 sl #l Percent complete: 100.0
Complete Hysplit E
Sampling start(yy mm dd bh min): 00 00 00 00 00

ISampl'i_nq stop(yy mm dd hh min) : 00 00 00 OO 0O I |
(Bvq:0 Mow:1 Max:2) (hrs) (min): |00 12 00

[ e —

(c)
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Bt W__ | Ct_)nvert l.:he h'i.naty concer.ltrat'?.on file to o equivalent
binary file with the radiological dose equivalent. The
I e original calculation assumes a unit source, and the actual]
Map Background: [C:/hysplitd/graphics/arlmap Brot activity and dose conversions are applied in this step
Map Projection: (¢ Auto (- Polar ( Lambert (- Mercator (~ CylEquid using the species defined in actiwvity.txt.
GIS Output: { Nome (~ ESRI Generate ¢ Google Earth E I
Label Source Rings: Number Dist (km) Center: Lat Long Input Data: _ Force:
T Existing Activity file: |activity.txt

Select Pollutant:

Create New " Detonation ( Reactor I
— .

Vertical Display:

From Bottom Level:

Through Top Level:

Deposition Multiplier:[1.0 £ None € Time ¢ Sum & Total I
Concentration Multiplier:[1.0 EEEE e
Contour drawing options: (~ B & W & Color ( None o ’7
& Dyn-Exp ¢ Fix-Exp ( Dyn-Lin ¢ PFix-Lin (" User Set Snp HArS BN WM rdup
User Set Values: [10+5+2+1 Output Type: f¢ Dose { Concentration
& Sum species (" Match Input ¢ Output species
S——
Dose Type: ( Rate & Total
Least Zoom Most Zoom
[ so ] i Dose Units: ¢ Rem & Sv
| 1 |
° 10 20 30 40 50 °0 70 50 20 1900 § Apply Decay: " No + Yes ’I]_ hrs extra decay
(g) Create Binary Dose File |

Display options for particle dump files. These are special files
created through the Advanced Menu Tab that can also be used to
initialize the model. Options exist to plot horizontal or verticall
displays, or create a combination cross-section.

Particle Position File: [PARDUMP

Output Postscript File: |partplot

Map Background: [C:/Lysplitd/graphics/arlmap

View: ¢ Plane  Vertical  Global (¢ Z-Sect
Display: - - Age (h) [0 Every (I  Nth part

GIS output: {° None (PS only) ( ESRI Generate { Google Earth

Figure E-3: (a) — (i) HYSPLIT simulation input and output steps
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Monthly Wind Rose Diagram for Year 2021 and 2022
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Figure F-1:

Windrose- January

Figure F-2:
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Monthly Wind Rose Diagram for Year 2021 and 2022
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Figure F-3:

Windrose- March
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Monthly Wind Rose Diagram for Year 2021 and 2022
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Figure F-7:

Windrose- July
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Figure F-9:

Windrose- September
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Figure F-10:

Windrose- October
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Monthly Wind Rose Diagram for Year 2021 and 2022
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Figure F-12

Windrose- December
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APPENDIX- H
ACTIVITY.txt FILE for Air Concentration, Ground Deposition and Dose Conversion

Dhaka University Institutional Repository

Mass Nucl
Hrm 0.00
85m Kr
BS Er
87 Er
B8 Kr

133 He
135
138
131 I
iz2 1
133 I
134 I
135 I
134
136
137 C=
127 Te
127Tm Te
129 Te
i29m Te
131 Te
131m Te
132 Te
29 Mo
127 8h
129 Sb
9om Ic
103 Ru
105 Ru
106 Ru
140 La
239 NHp
241 Pu
140 Ba
141 Ce
143 Ce
144 Ce
89 5r
80 Sr
143 Pr
144 Pr
25 Wb
95m Nb
97 Mb
95 Ir
97 Zr
20 ¥

T1i/2

sec
1.61000E+04
3.37000E+D8
4,57000E+03
1,02000E+04
4,53000E+05
3.28000E+04
8.53000E+02
6,94656E405
8.28000E+03
7.49000E+04
3.17000E+03
2.38000E+04
&.50000E+07
1.13184E+06
9.52093E+08
3.36600E+04
9,41760E+06
4,1TE00E+03
2.90304E+06
1.50000E+03
1.08000E+05
2,81520E+05
2.04120E404
3.32640E+05
1.55520E+04
2.16720E+04
3,39379E+06
1.59840E+04
3.18124E+07
1.44979E+05
2.03000E+05
4,54000E+08
1.10000E+06
2.81000E+06
2.B1000E+06
2.46000E+07
4,36000E+06
9.18000E+08
1.17000E+0&
1.04000E+03
3.04000E+06
3.12000E+05
4.32000E+03
5.53000E+06
6.08000E+D4
2.30000E+0S

U235H
Bg
1.20000E+15
8.80000E+14
1.60000E+13
9.10000E+14
1.60000E+17
3.90000E+16
2.00000E+03
1.80000E+16
2.40000E+16
2.30000E+16
2.60000E+12
7.B0000E+15
3.00000E+15
9.10000E+14
2.10000E+15
1.80000E+15
2.B0000E+14
7.70000E+14
1.20000E+15
6.10000E+14
2.70000E+15
2.30000E+16
6.60000E+15
1.30000E+15
5.30000E+14
6.30000E+15
7.40000E+14
5.10000E+13
2.70000E+14
1.70000E+14
6,20000E+15
5.90000E+13
1.70000E+15
6.00000E+14
3.70000E+14
4,90000E+14
9.10000E+14
9.10000E+13
2.70000E+13
4.50000E+14
2.60000E+13
2.50000E+10
£.50000E+11
2.50000E+13
1.10000E+13
6.40000E+12

0235T

Bg
1.20000E+15
£.90000E+14
1.60000E+13
9.10000E+14
1.60000E+17
3.90000E+16
2.00000E+03
1.80000E+16
3.20000E+15
2.30000E+16
2.60000E+12
7.80000E+15
3.00000E+15
5.10000E+14
2.10000E+15
1.80000E+15
2.80000E+14
T7.TO000E+14
1.20000E+15
6.10000E+14
2.T0000E+15
2.30000E+16
6.60000E+15
1.30000E+15
5.30000E+14
6.30000E+15
7.40000E+14
5.10000E+13
2.70000E+14
1.70000E+14
6.20000E+15
5.90000E+13
1,.70000E+15
6.00000E+14
3.70000E+14
3.70000E+14
9.10000E+14
9.10000E+13
2.T0000E+13
4,50000E+14
2.60000E+13
2.50000E+10
6.50000E+11
2.50000E+13
1.10000E+13
&,490000E+12

Pu23isH

Bg
1.20000E+15
§.90000E+14
1.60000E+13
9,10000E+14
1.60000E+17
3.90000E+16
2.00000E+03
1.80000E+16
2.490000E+16
2.30000E+16
2.60000E+12
T7.80000E+15
3.00000E+15
9,10000E+14
2.10000E+15
1.80000E+15
2.80000E+14
T.70000E+14
1.20000E+15
6.10000E+14
2.T0000E+15
2.30000E+16
6.60000E+15
1.30000E+15
5.30000E+14
6.30000E+15
7.40000E+14
5.10000E+13
2.70000E+14
1.70000E+14
€6.20000E+15
5.,90000E+13
1.T70000E+15
6.00000E+14
3.70000E+14
3.70000E+14
9.10000E+14
9.10000E+13
2.T70000E+13
4,50000E+14
2.60000E+13
2.50000E+10
6.50000E+11
2.50000E+13
1.10000E+13
6.40000E+12

Puz3sT

Bg
1.20000E+15
B.50000E+14
1.60000E+13
9.10000E+149
1.€60000E+17
3.90000E+16
Z.00000E+03
1.80000E+16
3.20000E+15
2.30000E+16
2.60000E+12
7.80000E+15
3.00000E+15
9,10000E+14
2.10000E+15
1.80000E+15
2.80000E+14
7.70000E+14
1.20000E+15
6.10000E+14
2.T0000E+15S
2.30000E+1l6
6.60000E+15
1.30000E+15
5.30000E+14
§.30000E+15
7.40000E+14
5.10000E+13
2.T0000E+14
1.70000E+14
€.20000E+15
5.,90000E+13
1.70000E+15
6.00000E+14
3.T0000E+14
3.T0000E+14
9.10000E+14
9.10000E+13
2.T0000E+13
4,50000E+14
2.60000E+13
2.50000E+10
6.50000E+11
2.50000E+13
1.10000E+13
6.490000E+12

Cloudshine
rem/h Bg/m3
3.19320E-09
B.&64000E-11
1.42920E-08
3.49560E-0B
4.78800E-10
3.96400E-09
1.97280E-0QE
6.08400E-09
9.93600E-09
95.94000E-09
4.39200E-08
2.71400E-D8
2.54000E=-08B
3.57840E-08
3.34080E-11
1.20240E-10
4,03200E-11
1.02960E-0%
5.61600E-10
6.91200E-09
2.35B800E-08
3.35520E-09
1.31040E=-08
1.12320E-08
2.41560E-08
1.92600E-09
7.48800E-09
1.2B160E-08
0.00000E+00
3.99600E-08
2.50200E-09
2,2T880E-14
2,.90520E-09
1.11600E-09
4 ,35600E-0%
2.T4680E-10
1.57T320E-10
3.53880E-11
6.98400E-11
1.63000E-16
1.25640E-08
9.B86400E-10
6.75000E-16
1.20960E-08
3.20400E-09
2.85120E-10

Groundshine
rem/h Bag/m2
5.65200E-11
3.78000E-12
3.02400E-10
6€.22800E-10
1.42200E-11
9.00000E-11
3.85200E-10
1.31040E-10
2.22120E-10
2.22000E-10
9.10800E-10
5.2%9200E-10
5.33000E-10
7.30800E-10
1.07640E-12
3.70800E-12
3.08200E-12
4.10400E-11
2.05200E-11
1.70600E-10
4.82400E-10
7.63200E-11
2.81000E=10
2.43400E-10
4.93200E-10
4,10400E-11
1.61600E-10
2.81500E-10
0.00000E+00Q
7.77600E-10
5.54400E-11
6.15600E-16
6.84000E~11
2.49480E-11
1.08360E-10
€.,62400E-12
2.46960E-11
5.90400E-13
7.41600E-12
5.86800E-11
2.62080E-10
2.12760E-11
2.43000E-10
2.53440E-10
9.00000E-11
3.96000E-11

Figure H-1: 10 hr CCM LTSBO released radionuclides ACTIVITY .txt FILE
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APPENDIX H Activity.txt FILE
Mass Nucl T1/2 U235H U235T Pu23%H Pu239T Cloudshine Ground=hine
Hr= 0.00 sec Bg Bg Bgq Bg rem/h Bg/m3 rem/h Bg/m2

BESm Kr 1.61000E+04 1.10000E+15 1,10000E+15 1.10000E+15 1.10000E+15 3.19320E-09 5.65200E-11
BS5 KEr 3.37000E+08 8.10000E+14 £.10000E+14 £8.10000E+14 8.10000E+14 8.64000E-11 3.78000E-12
ET Kr 4.57000E+03 1.50000E+13 1.50000E+13 1.50000E+13 1.50000E+13 1.42920E-08 3.02400E-10
E8 Kr 1.02000E+04 8.50000E+14 8.50000E+14 8.50000E+14 B.50000E+14 3.49560E-08 &.22B00E-10
133 Xe 4.53000E+405 1.40000E+17 1.40000E+17 1.40000E+17 1.40000E+17 4.78800E-10 1.42200E-11
135 Xe 3.28000E+04 3.10000E+16 3.10000E+16 3.10000E+1€é 3.10000E+16é 3.96400E-09 9.00000E-11
138 Xe 8.5300C0E+02 2.00000E+03 2.00000E+03 2.00000E+03 2.00000E+03 1.972E0E-08 3.85200E-10
131 1 &.94656E+05 2.30000E+15 2.30000E+15 2.30000E+15 2.30000E+15 &€.0E400E-09 1.31040E-10
132 1 8.28000E+03 3.20000E+15 3.20000E+15 3.20000E+15 3.20000E+15 9.93600E-09 2.22120E-10
133 1 7.49000E+04 3.40000E+15 3.40000E+415 3.40000E+15 3.40000E+15 9.94000E-09 2.22000E-10
134 I 3.17000E+03 1.60000E+12 1.60000E+12 1.60000E+12 1.60000E+12 4,35200E-02 9.10800E-10
135 1 2.38000E+04 1.60000E+15 1.60000E+15 1.60000E+15 1.60000E+15 2.71400E-08 5.29200E-10
134 Cs 6.50000E+07 4.10000E+14 4.10000E+14 4.10000E+14 4.10000E+14 2.54000E-08 5.33000E-10
136 Cs 1.13184E406 1.30000E+14 1.30000E+414 1.30000E+14 1.30000E+14 3.57340E-08 7.30800E-10
137 C= 9.52093E+08 2.B0000E+14 2.80000E+14 2.B80000E+14 2.E0000E+14 3.34080E-11 1.07640E-12
127 Te 3.36600E+04 2.20000E+14 2.20000E+14 2.20000E+14 2.20000E+14 1.20240E-10 3.70E00E-12
127m Te 9.41760E+06 3.50000E+13 3.50000E+13 3.50000E+13 3.50000E+13 4.03200E-11 3.0B200E-12
123 Te 4.17600E+03 9.60000E+13 9.60000E+13 9,.60000E+13 9.60000E+13 1.02960E-09 4.10400E-11
129m Te 2.90304E406 1.50000E+14 1.50000E+414 1.50000E+14 1.50000E+14 5.61600E-10 2.05200E-11
131 Te 1.50000E+03 £.40000E+13 2.40000E+13 8.40000E+13 E§.40000E+13 €.91200E-09 1.70600E-10
13im Te 1.08000E+05 3.70000E+14 3.70000E+14 3.70000E+14 3.70000E+14 2.3%5800E-08 4.82400E-10
132 Te 2.81520E+05 3.00000E+15 3.00000E+15 3.00000E+15 3.00000E+15 3.35520E-09 7.63200E-11

80 Mo 2.04120E+404 9.60000E+14 9.60000E+14 9.60000E+14 9,60000E+14 1.31040E-08 2.81000E-10
127 Sb 3.32640E+05 1.50000E+14 1.50000E+14 1.50000E+14 1.50000E+14 1.12320E-08 2.43400E-10
129 Sb 1.55520E+04 1.10000E+14 1.10000E+14 1.10000E+14 1.10000E+14 2.41560E-08 4.93Z200E-10

99m Tc 2.16720E+04 9.00000E+14 9.00000E+14 9.00000E+14 9.00000E+14 1.92800E-09 4.10400E-11
103 Ru 3.39379E406 5.20000E+13 5.20000E+13 5.20000E+13 5.20000E+13 7.48800E-09 1.61600E-10
105 Ru 1.59640E+04 7.30000E+12 7.30000E+12 7.30000E+12 7.30000E+12 1.28160E-02 2.81500E-10
106 Ru 3.18124E+07 1.90000E+13 1.90000E+13 1.90000E+13 1.90000E+13 0.00000E+00 0.00000E+00
140 La 1.44979E+05 1.30000E+11 1.30000E+11 1.30000E+11 1.30000E+1l1 3.9%600E-08 T7.77600E-10

Figure H-2: 3 hr PCM LTSBO released radionuclides ACTIVITY.txt FILE

Mass Nucl
Hr= 0.00
85m Fr
Er
Er

Wom kW] Mm@ oL W e L

.61l000E+D4
.37000E+08
.ST000E+023
.02000E+04
.33000E+05
.28000E+04
.33000E+02
.94656E+05
.28000E+03
-45000E+04
.17000E+03
.38000E+04
.S0000E+07
.52093E+08

T1/2
3SecC

R R L

.13000E+08
.52000E+05
.23000E+08
.12000E+08
.63000E+05
.64000E+08
-28000E+07
.8%000E+04
.26000E+04
.21000E+04
.50000E+04
.47000E+04
.06000E+03
.50000E+03

UZ35H
Bg

U235T
Bg

.19000E+08
.52000E+05
.23000E+08
.12000E+08
-63000E+05
.64000E+08
.28000E+07
.B9000E+04
.26000E+04
-21000E+04
.S0000E+04
-47000E+04
.06000E+03
.S50000E+03

Pu239H

Bg
1.19000E+08
3.52000E+05
1.23000E408
3.12000E408
1.63000E+09
1.64000E+08
€.28000E+07
1.89000E+04
1.26000E+04
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Figure H-3: Normal Operation released radionuclides ACTIVITY .txt FILE
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	The frequency distribution and covered percentage weather scenarios for exceeding the PAZ dosimetric criterion distances receiving 1 Gy of ADred bone marrow in a day, experiencing 4 days of house sheltering, and the effects of large building sheltering for LBLOCA and LTSBO events are shown in Figure 5-50(a to h). The percentage of weather scenarios covered as a function of distance is shown by cumulative histograms created based on the exceeded distances of the 360 weather scenarios in Figure 5-49(a & b). The maximum distances at which red bone marrow threshold doses exceed 95% of all weather scenarios for 1-day house sheltering are 1.2-1.5 km in LBLOCA and 2.5-3.0 km in LTSBO; for 4-day sheltering, they are 4.0-4.5 km in LBLOCA and 6.5-7.0 km in LTSBO (Faisal et al., 2025*). 

	/

	Figure 5-50: Frequency distribution of exceeded distances for 360 weather scenarios of PAZ dosimetric criteria (1 Gy of Dred bone marrow) under different sheltering measures in (a to d) LBLOCA and (e to h) LTSBO postulated events with cumulative percentage coverage of exceeded distances.

	5.2.1.2	Percentile Spatial Dose Distribution for AD red bone marrow

	5.2.2	RBE Weighted Absorbed Dose to the Fetus from Inhalation (ADfetus, inh)      

	5.2.2.1	Exceed Distances for ADfetus, inh Dose Threshold 

	Figures 5-52(a & b) illustrate the distances at which a fetal thyroid absorbed dose (ADfetus, inh) of 1 Gy may be exceedd under different protective measures—house or large building sheltering, with and without the use of ITB—during LBLOCA and LTSBO scenarios.

	For pregnant women sheltering in a house without ITB, distance exceeds within 2.7–5.3 km during daytime LBLOCA releases nd 3.8–36 km at night. For LTSBO events, distances increase to 3.8–8.2 km during the day and 5–55 km at night. Nighttime releases show larger exceeded distances due to more stable atmospheric conditions (stability classes ‘E’ and ‘F’) compared to unstable daytime conditions (classes ‘B’ and ‘C’) (Faisal et al., 2025*). Additionally, inhalation doses decrease during rainy periods due to the washout of airborne radionuclides, particularly from June to August, reducing the distances where thresholds are exceeded.

	When ITB is used in house sheltering, exceeded distances drop to 0.8–1.6 km for LBLOCA during the day and 1.3–9.1 km at ight, while LTSBO events show distances of 1.2–2.1 km during daytime and 1.8–15.5 km at night. Under large building sheltering, distances further decrease to 0.5–4.3 km for LBLOCA and 0.7–7.3 km for LTSBO (Faisal et al., 2025*).

	Figures 5-53(a to h) present the frequency distribution and cumulative included weather scenarios for exceeded distancesof 1 Gy ADfetus,inh for sheltering with and without ITB in LBLOCA and LTSBO events. 

	5.2.2.2	Percentile Spatial Dose Distribution for ADfetus, inh

	Figures 5-54(a–d) present the variation of the RBE-weighted absorbed dose to the fetus from inhalation (ADfetus, inh) wih distance for LBLOCA and LTSBO events, considering the 5th, 50th, and 95th percentile weather scenarios. They also highlight the impact of different protective measures, including house sheltering, large building sheltering, and the use of ITB.

	For house sheltering without ITB, the 1 Gy dosimetric limits is exceeded at approximately 5 km for LBLOCA and 7 km for LSBO when using the 50th percentile value. Under large building sheltering, these distances are reduced to about 3 km for LBLOCA and 4 km for LTSBO. At the 95th percentile, the exceeded distances increase significantly, ranging from 30–35 km for LBLOCA and 40–45 km for LTSBO under house sheltering. For large building sheltering, the distances are notably lower, between 15–20 km for LBLOCA and 25–30 km for LTSBO (Faisal et al., 2025*).

	/

	Administration of ITB significantly reduces fetal dose exposure. When a pregnant woman shelters in a house and takes ITBbefore inhalation, the threshold dose for the fetal thyroid is exceeded only up to approximately 1.5 km for LBLOCA and 2 km for LTSBO at the 50th percentile. At the 95th percentile, these distances increase to 5–6 km for LBLOCA and 10–11 km for LTSBO (Faisal et al., 2025*).

	For large building sheltering, the exceeded distances are further reduced to 1.5–2 km for LBLOCA and 3.5–4 km for LTSBO.Overall, the combination of ITB administration and large building sheltering results in a substantial reduction in absorbed fetal thyroid doses for both accident scenarios (Faisal et al., 2025*).

	5.2.3	Decision of PAZ size 

	Table 5-4 shows the distances at which the 1 Gy absorbed dose criteria were exceeded to prevent severe deterministic effcts from a severe release of about 4% of volatile fission products, for different protective actions and dosimetric criteria of PAZ. From this release occurring in 95% of all weather scenarios: 

	(i) Precautionary evacuation within a 5 km radius prior to a release ensures that red bone marrow doses remain below 1 G for LBLOCA and within 7 km for LTSBO scenarios (Faisal et al., 2025*).

	(ii) For fetal thyroid protection, evacuation up to 4 km before a release is sufficient when sheltering in large buildins with ITB for both events. However, if sheltering conditions are less effective, evacuation distances of approximately 6 km for LBLOCA and 10 km for LTSBO are required (Faisal et al., 2025*).

	(iii) ITB administration should be implemented prior to a release up to about 35 km for LBLOCA and 55 km for LTSBO durin house sheltering. Under large building sheltering, ITB use is recommended within 20 km for LBLOCA and 30 km for LTSBO (Faisal et al., 2025*).

	For 95% of all weather scenarios, a precautionary evacuation of approximately 5 km is sufficient to prevent an increasedincidence of mortality associated with a 1 Gy absorbed dose to red bone marrow in the event of LBLOCA and LTSBO. In 95% of LBLOCA and 75% of LTSBO scenarios, the same 5 km evacuation effectively prevents a heightened risk of severe mental retardation in fetuses exposed to a 1 Gy absorbed dose. To achieve fetal protection in 95% of all LTSBO scenarios, evacuation must be extended to 9 km or supplemented with large building sheltering.

	The PAZ's necessary range takes into account both the necessity of facilitating an efficient emergency response and the bjective of avoiding severe deterministic effects. LTSBO events typically allow about 8 hours from shutdown, whereas LBLOCA events usually allow at least 3 hours before a release (Ramsdellet al., 2012). As a result, the PAZ's precautionary evacuation should be finished within three hours of the evacuation decision. Because of the dense population and the lack of transportation options, evacuation is difficult beyond 5 km from the Rooppur site. 

	This could make it more difficult to evacuate people who need the most immediate protection—those closest to the plant. owever, under high-risk weather conditions, LTSBO-related evacuation may need to extend up to 10 km (Faisal et al., 2025*). The delayed core damage in LTSBO scenarios provides more time for evacuation or sheltering, improving overall safety. Even during the release phase (the plume), evacuating speed larger than at a walking speed of about 5 km/h is more effective than sheltering within 3–5 km of the plant (US NRC, 1990).

	Using ITB agents alongside sheltering—especially in large buildings—greatly reduces radiation exposure to both the red bne marrow and the fetus. If immediate evacuation cannot be carried out safely, individuals near the plant should take ITB and remain sheltered until evacuation becomes possible (Faisal et al., 2025*). To ensure both the prevention of deterministic health effects and the effectiveness of emergency response, the PAZ for the Rooppur NPP should cover an area of about 5 km, consistent with IAEA guidelines for prompt evacuation (IAEA, 2013b).

	5.2.4	Equivalent Dose to the Fetus (Hfetus, inh)

	5.2.4.1	Exceeded Distances for Hfetus, inh

	Figure 5-55(a & b) presents the 360 weather scenarios exceeded distances for UPZ dosimetric criteria of 100 mSv (0.1 Sv)of equivalent dose to fetus from inhalation (Hfetus,inh) in house sheltering with and without ITB, as well as large building sheltering effects of LBLOCA and LTSBO events. If a pregnant woman is sheltered in a house and the ITB agent is taken before inhalation, the IAEA criterion of 100 mSv is expected to be exceeded within 2.8–8.3 km for daytime releases and within 3.8–36 km for nighttime releases in the LBLOCA event, whereas for the LTSBO event, the exceeded distances are within 3.5–8.8 km for daytime releases and 5–55 km for nighttime releases. In both events, the maximum distance was observed in the ‘D’ class and ‘F’ class scenarios, respectively, for daytime and nighttime release. 

	The exceeded distances for UPZ dosimetric criterion are within 1.7-3.7 km for a pregnant woman sheltering in a large buiding with ITB during the daytime release and 2.5-22.5 km for nighttime release in LBLOCA. However, it is 2.3-4.3 km for daytime release and 3.4-31.5 km for nighttime release during LTSBO events. Without ITB sheltering in a large building, the maximum exceeded distances for LBLOCA and LTSBO are 86 km and 111 km, respectively.

	Figure 5-56(a to h) shows the frequency distribution and their cumulative weather scenarios for exceeded distances of 10 mSv Hfetus,inh for house sheltering with and without ITB, as well as large building sheltering, in LBLOCA and LTSBO events. Maximum distances covering 95% of all weather scenarios exceed within 30-35 km in LBLOCA and 35-40 km in LTSBO for house sheltering with ITB, and 15-20 km in LBLOCA and 20-25 km in LTSBO for large building sheltering.

	In 95% of all weather scenarios, house sheltering without ITB has maximum exceeded distances of 106-110 km for LBLOCA an 150-160 km for LTSBO, while large building sheltering without ITB has distances of 80-86 km and 90-100 km for LBLOCA and LTSBO events, respectively.

	Figure 5-56:   Frequency distribution of exceeded distances for 360 weather scenarios of UPZ dosimetric criteria (100 mS of Hfetus,inh) under different protective measures in (a to d) LBLOCA and (e to h) LTSBO postulated events with cumulative percentage coverage exceeded distances.

	5.2.4.2	Percentile Spatial Dose Distribution for Hfetus, inh

	inhalation (Hfetus, inh) for LBLOCA and LTSBO scenarios, comparing conditions with and without ITB agents and different heltering options (house and large building). Under house sheltering with ITB, the 100 mSv dose limit is exceeded at approximately 5 km for LBLOCA and 7 km for LTSBO at the 50th percentile. When sheltering in large buildings, these distances are reduced to about 3 km for LBLOCA and 4 km for LTSBO (Faisal et al., 2025*).

	Figure 5-57:  5, 50 and 95 Percentile Equivalent dose to the fetus from inhalation (Hfetus,inh ) with distances under diferent protective measures for (a & b) LBLOCA and (c & d) LTSBO; the solid yellow line indicates the IAEA UPZ criteria (Faisal et al., 2025*).

	5.2.5	Effective Dose from Inhalation (Einh) 

	5.2.5.1	Exceeded Distances for Einh

	Exceeded distances of 360 weather scenarios for UPZ dosimetric criterion ’inhalation effective dose (Einh) of 100 mSv (01 Sv) are shown in Figure 5-58(a & b) respectively for LBLOCA and LTSBO in-house sheltering as well as large building sheltering. 

	In the LBLOCA event, if an individual is sheltered in a house, the IAEA criterion is exceeded within 2.8-5 km for daytim release and 3.3-37.1 km for nighttime release, whereas the LTSBO event exceeds the distances within 3.4-7.1 km for daytime release and 4.1-54.5 km for nighttime release. In both events, the maximum distance was observed in the ‘D’ class scenario for daytime release and in the 'F' class scenario for night release. Due to the considerable inhalation dose reduction in rain scenarios, especially in the wet weather, in ‘C’ and ‘D’ classes, the threshold distance for an individual that exceeds 0.1 Sv is likewise reduced to less than 5 km in LBLOCA and less than 7 km in LTSBO for house sheltering.

	In an ‘E’ class rain scenario, the threshold distance for LBLOCA falls below 15 km and for LTSBO falls below 20 km. Durig LTSBO events in large building shelters, it is within 2.3-4 km in daytime release and 2.9-30 km at midnight release.  

	Figure 5-58: Month-wise 360 weather scenarios exceeded distances for UPZ dosimetric criteria (100 mSv of Einh) under diferent sheltering measures of (a) LBLOCA and (b) LTSBO postulated events.

	5.2.5.2Percentile Spatial Dose Distribution for Einh

	At the 95th percentile, exceedance distances increase significantly, reaching about 35 km for LBLOCA and 50 km for LTSBOunder house sheltering. In comparison, large building sheltering reduces these distances to around 21 km for LBLOCA and 28 km for LTSBO (Faisal et al., 2025*).

	Figure 5-60:  5, 50 and 95 Percentile effective dose from inhalation (Einh) vs. distances under different sheltering meaures for (a) LBLOCA and (b) LTSBO; the solid yellow line indicates the IAEA UPZ criteria (Faisal et al., 2025*).
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