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ABSTRACT

Objective: To understand the management pro-
cess of nuclear power plant (NPP) induced disasters. 
The study shields light on phases and issues associ-
ated with the NPP induced disaster management.

Setting: This study uses Palo Verde Nuclear 
Generation Station as study subject and Arizona State 
as study area.

Design: This study uses the Radiological Assessment 
System for Consequence Analysis (RASCAL) Source Term 
to Dose (STDose) of the Nuclear Regulatory Commission, 
a computer software to project and assess the source term 
dose and release pathway. This study also uses ArcGIS, 
a geographic information system to analyze geospatial 
data. A detailed case study of Palo Verde Nuclear Power 
Generation (PVNPG) Plant was conducted.

Results: The findings reveal that the NPP 
induced disaster management process is conducted by 
various stakeholders. To save lives and to minimize the 
impacts, it is vital to relate planning and process of the 
disaster management.

Conclusions: Number of people who expose to the 
radioactive plume pathway and level of radioactivity 
could vary depending on the speed and direction of 
wind on the day the event takes place. This study find-
ings show that there is a need to address the burning 
issue of different racial and ethnic groups’ unequal 
exposure and unequal protection to potential risks 
associated with the NPPs.

Key words: nuclear power plant, potential nuclear 
power risks, disaster management, radioactive plume 
path dispersion

INTRODUCTION

The three nuclear power accidents in the past, 
namely Japan’s Fukushima Daiichi nuclear power 

plant (NPP) in March 2011, Three Mile Island in 
the United States in 1979, and Chernobyl in Soviet 
Ukraine in 1986, testified us that the risks associated 
with the NPPs are unpredictable and extreme. In 
general, all NPPs pose a persistent risk of a nuclear 
meltdown-type accident. According to Perrow,1 NPPs 
are complex, tightly coupled systems. The system's 
complexity plays a role in the creation of unknown 
risks, a phenomenon Perrow accounted for in his 
Normal Accident Theory (NAT). His argument was 
centered on an assumption that each part in the 
system is subject to potential failure because of its 
design, duties, operators, and supplies, in addition 
to risks associated with the operating environment. 
When unexpected interactions of seemingly dispa-
rate failures occur within the system, they tend to 
stress—and ultimately break—the safeguards in 
ways that confound the system's operators, leading to 
an accident, or a more severe accident, as in the case 
of Fukushima. The accident might bring down a part 
of or the entire system. This accident is regarded as 
normal within the system—that is, it is a recognized 
potential outcome of operating, in this case, a NPP—
but the operators might have taken the probability 
of its occurrence to be remote. In fact, the accident 
is and should be considered an inescapable element 
of the system.1 Thus, in Perrow's analysis, the risks 
associated with NPPs are intrinsic to the system, 
normal, and seemingly cannot be avoided. Thus, the 
risks associated with the NPPs are inevitable and so 
are the NPP induced disasters. To achieve the ulti-
mate goals of saving lives of people living around the 
NPPs and minimizing the negative impacts of the 
potential disasters induced by the NPPs, this study 
searches for answers to the following three research 
questions.
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1.What are the phases in NPP induced 
disaster management process?

2. What are issues associated with the 
process in meeting the ultimate goals of 
disaster management?

3. What are recommendations to overcome 
the issues?

PHASES IN NPP INDUCED DISASTER MANAGEMENT PROCESS

The natural disaster management process con-
sists of four phases, namely prediction, warning, emer-
gency relief, rehabilitation (short term), and recon-
struction (long term).2 Similarly, managing disasters 
induced by NPPs includes the four phases. In general, 
mitigation and preparedness activities are conducted 
in predication phase, response activities in warning 
and emergency relief phase, and recovery activities 
in rehabilitation and reconstruction phases.2 The 
authors perceived that mitigation and preparedness 
activities are normally conducted before any disaster 
event actually takes place, while response activities 
are necessary during the event, and recovery activi-
ties are vital for rehabilitation and reconstruction to 
bring back the mental and physical damages of people 
and materials to their normalcy. An effective disaster 
management requires to integrate both proactive 

approach which includes mitigation and prepared-
ness activities and reactive approach which consists 
of response and recovery activities (Figure 1).

Like disaster management phases, NPP induced 
disaster management includes four phases, namely 
prediction, warning, emergency relief, rehabilitation, 
and reconstruction (Figure 1). Activities carried in 
the NPP induced disaster management are similar to 
those of disaster management phases except response 
activities. There are four response activities, namely 
1) projection of plume path dispersion, 2) protective 
action recommendation (PAR), 3) proactive action 
decision (PAD), and 4) evacuation.

Among four phases, warning and emergency relief 
are very important to save lives and minimize the 
negative impacts from the NPP induced disasters. 
The response activities should begin soon after an 
incident was initiated at the NPP. However, some-
times an incident could go unnoticed for a period. 
For example, a crack in the pressure vessel in which 
nuclear fuel rods sit went unnoticed until next fuel 
recharge cycle which occurred every a year and half at 
the Palo Verde Nuclear Generation Station (PVNGS) 
in October 2013.3 According to the NRC (US NRC, 
2011a), US commercial NPPs are required to notify 
the public when an accident occurs. For the purpose 
of notification, the emergency levels are classified into 
four, namely notification of unusual event (NOUE), 

Figure 1. NPP-induced disaster management phases and activities. Note: Adapted from ref. 2. Copyright 2006 by 
the Emerald Insight. Adapted with permission.
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alert, site area emergency (SAE), and general emer-
gency (GEm). A SAE is an event that requires the 
protecting of the public, whereas a GEm is an event 
such as a core-damage accident that requires pro-
tection of public. The release of radioactive materi-
als from a SAE may not exceed the Environmental 
Protection Agency (EPA) Protective Action Guides 
(PAGs), whereas the release resulting from a GEm 
may. In either event, the NPP is required to provide 
a PAR to state, local, and tribal agencies within 15 
minutes of the incident. To meet this requirement by 
EPA PAGs, the NPP must, first and foremost, project 
the radioactive plume path dispersion under the cur-
rent and projected weather conditions including wind 
speed and direction, humidity, and precipitation.

To accurately project and assess the source term 
dose and release pathway, the Nuclear Regulatory 
Commission uses the Radiological Assessment System 
for Consequence Analysis (RASCAL) Source Term to 
Dose (STDose).4 The computer program was prein-
stalled with information on the type of reactor, the 
reactor's power output capacity, peak rod burn in 
the reactor, the discharge burn-up projected to occur 
in materials housed in spent-fuel storage, and so on. 
However, the meteorological information, such as that 
on wind direction and speed, stability class, precipita-
tion, and air temperature, must be entered manually. 
The RASCAL 4.3 program's method of calculating the 
source term is based on the methods documented in 
McKenna and Glitter.5 The inhalation dose factors 
used in my calculations are based on the recommenda-
tions of the International Commission on Radiological 
Protection.6 Radiation dose was computed as a total 
effective dose equivalent (TEDE), which is defined 
as “the sum of the deep-dose equivalent (EDE) (for 
external exposures) and the committed effective dose 
equivalent (CEDE) (for internal exposures).”7

Once, the projection of the plume path dispersion 
and radioactivity was completed, the PAR was gener-
ated. Then, the NPP sends the PAR to local radio-
logical association who conducts similar plume path 
dispersion analysis and generates PAR based on the 
study and recommendation done by the NPP. Then, 
the PAR is sent to local authorities to make PAD. 
Based on PAD, evacuation activities are performed 

accordingly. After the evaluation, activities to clean 
the radioactive-contaminated areas will be followed. 
The cleanup activities pose a great challenges and it 
is a time-consuming process.

ISSUES ASSOCIATED WITH NPP INDUCED DISASTER 

MANAGEMENT PROCESS

To minimize the effects from the nuclear radia-
tion that would be released during such an accident, 
it is critical that the populations living in the affected 
areas be evacuated in a timely manner. This could 
only be achieved if there was in place a compre-
hensive emergency plan, and if there was effective 
coordination and cooperation among all stakeholders. 
Several challenges standing in the way of achieving 
the ultimate goal of orderly evacuation are identi-
fied, most of which arise because the goal requires 
that stakeholders share responsibilities. Referring 
to President Jimmy Carter's decision of December 7, 
1979, the Federal Emergency Management Agency 
(FEMA) is fully responsible for taking the lead role in 
overseeing offsite emergency planning and response 
while the NRC is tasked with assisting FEMA in 
conducting its activities.8 When the incident is associ-
ated with higher levels of risk—for example, a GEm 
such as core-damage accident—the Department of 
Homeland Security (DHS) assumes responsibility 
for coordinating the efforts of various federal, state, 
tribal, and local organizations. While federal, state, 
local, and tribal officials share responsibilities, the 
latter three are primarily responsible for PADs and 
the issuing of instructions to affected populations.9

In a recent report (US FEMA, 2013), FEMA stated 
clearly that during an emergency, a joint information 
center (JIC) should be established near the accident 
site so that national spokespersons can better coordi-
nate with state, local, and tribal government officials 
in such a way that they reinforce their decision mak-
ing and build trust and confidence among the public.

To identify potential issues associated with the 
NPP induced disaster management process, this 
study uses the PVNGS as the subject of stimulation 
study. This study assumes that a core-meltdown acci-
dent takes place at the PVNGS in a typical day between 
January and March. The disaster management process 
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in any such scenario clearly would not be simple, as it 
would involve multiple stakeholders who would have 
to play various roles while sharing responsibilities. 
The major stakeholders and their shared responsi-
bilities are depicted below (Figure 2), and include the 
following:

Projection of plume path dispersion
The projection of the plume path dispersion must 

be conducted by two stakeholders, namely PVNGS 
and Arizona Radiation Regulatory Agency (ARRA).

During a core-damage accident, the dispersion 
path of the resultant plume is largely dependent on the 
prevailing weather conditions, including wind direction 
(°), speed (miles/h), stability class, precipitation, and 
air temperature (°F). The projection of a plume path 
originating at PVNGS was performed using discrete 
meteorological datasets obtained from the meteorol-
ogy joint frequency distribution table.10 The projected 
plume path included a TEDE measured across a grid 
composed of 5 mile×5 mile overlaid around each recep-
tor. The RASCAL program uses a Lagrangian puff 

model that includes a uniformly spaced Cartesian grid 
of 41×41 receptor points with the release point always 
at the center. There are four distance options avail-
able for selection—10, 25, 50, and 100 miles—ahead 
of projecting a plume's path of dispersion; however, 
the resolution of the Cartesian grid decreases as the 
distance selected increases. For example, when select-
ing 10 miles as the calculation distance, the distance 
between receptor points is 0.5 miles, whereas with 100 
miles as the calculation distance there is a distance of 5 
miles between Cartesian grid receptors. The dispersion 
of the plume from one receptor to another is a function 
of time elapsed since release, wind speed, atmospheric 
stability, and surface roughness. The results of the dis-
persal projections were imported, in shapefile format, 
to ENVI's ArcMap program.11 The resulting TEDE is 
measured in Roentgen equivalent man (rem) and is 
equal to the absorbed dose (in rads) multiplied by the 
quality factor of the type of radiation.7

To study the association between TEDE and the 
sociodemographic characteristics of the populations 
living in the path of the plume, the plume was overlaid 

Figure 2. A tentative timeline for preparing a protective action decision (PAD) in the case of a GEm at PVNGS.
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as one layer on top of a separate census-tract layer 
and apportioned the sociodemographic characteristics 
associated with each impacted grid square.

The plume dispersion path that would occur in 
a scenario in which the PVNGS experienced a core-
damage accident under meteorological conditions 
typifying quarter 1 was projected. The projection 
was performed with a prevailing wind direction of 
west-northwest, at a speed of 6.2 miles/h. Under 
these conditions, the plume dispersed to the east-
southeast, covering a distance greater than 100 
miles in a 24-hour period (Figures 3 and 4). Table 
1 displays the demographic characteristics of the 
impacted populations, sorted by TEDE categories. 
The plume footprint is estimated to have covered an 
area of approximately 3,477 miles2, dispersing over 
an estimated population of 663,543. The estimated 
TEDEs in the plume ranged from 0.000 to 0.095 rem 
which is below the recommended evaluation dose 
level of 1 rem. Guidelines for evacuation, sheltering, 
and the administration of stable iodine are explained 

in the Manual of Protective Action Guides (PAGs) and 
Protective Action for Nuclear Incidents.12 A TEDE 
between 1 and 5 rem is sufficient to warrant recom-
mending evacuation and sheltering, while a TEDE of 
25 rem is a benchmark for the administering of stable 
iodine, with the approval of state medical officials. In 
practice, the NRC urges RASCAL users to exercise 
caution when interpreting projection results, as they 
must also be validated with a field air sample at the 
centerline during plume passage; the data usually are 
collected by field teams in a 10- or 15-minute window 
after the plume path has passed.11

Among the population exposed to the radioactive 
plume in this simulation, the percent Black and per-
cent Asian were higher than those same percentages 
among the counterpart populations living in areas 
outside the plume footprint. However, fewer people 
living beneath the path of the plume were living 
below the federal poverty line than compared with 
the counterpart population living outside the plume's 
footprint.

Figure 3. The projected plume path emanating from Palo Verde NPP after a simulated core-damage accident 
conducted under meteorological conditions typifying quarter 1.
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A total of 660,000 people of a total population in 
the state of Arizona of approximately 6 million people 
were exposed to the projected plume path. Among the 
exposed population, two groups were represented in 
percentages greater than their percent composition 
of Arizona's population, in general—percent Black, 
4.89 percent in the areas beneath the projected plume 
path versus 3.73 percent outside the plume path; and 
percent Asian, 5.03 percent versus 2.60 percent. The 
plume's footpath covered the cities of namely Buckeye, 
Goodyear, Maricopa, Casa Grande, Eloy, Florence, 
Gilbert, Chandler, Tempe, Guadalupe, Queen Creek, 
Coolidge, and Marana (Figures 3 and 4). The higher 
TEDEs are shown in red (Figure 3) and were primarily 
observed in the cities of Buckeye, Goodyear, Maricopa, 
Florence, Coolidge, and Casa Grande (Figure 4).

In short, in the event of a core-damage accident 
at Palo Verde NPP during meteorological condi-
tions typifying quarter 1, minorities—including Color, 
Black and Asian populations—most of whom live 

in owner-occupied housing units, would likely be 
exposed to high doses of radiation.

Protective action recommendation
PVNGS and ARRA are required to provide PAR based 

on their projected plume dispersion path. According to 
the NRC (US NRC, 2011a), either SAE or GEm, PVNGS 
is required to provide a PAR to state, local, and tribal 
agencies within 15 minutes of the incident. To generate 
the PAR as soon after the event as possible, PVNGS's 
field data team is tasked with collecting air samples at 
10-minute intervals along a central axis of the radioac-
tive plume as it disperses. Using RASCAL software, 
PVNGS then can project the radiation doses and vali-
date the estimated doses and plume dispersion with field 
data, after which they can provide a PAR to state, local, 
and tribal agencies. A total of 48 outdoor warning sirens 
located within the 10-mile radius of PVNGS's emergency 
planning zone are to be turned on as soon as the event is 
initiated13 and a JIC is formed near the incident site. In 

Figure 4. The projected plume path emanating from Palo Verde NPP after a simulated core-damage accident 
conducted under meteorological conditions typifying quarter 1 overlaid on satellite imagery obtained through 
Google Earth.
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addition, PVNGS is required to inform its PARs to NPP 
within 60 minutes (Figure 2).

ARRA's Monitor Pool, a group of volunteers drawn 
from various state and Maricopa County agencies 
who take a week-long training course and day-long 
annual refresher courses to maintain their proficiency, 
starts collecting field data including radiation surveys 
and both environmental and foodstuff samples at the 
PVNGS site.14 Then, ARRA generates a PAR that is 
based on both their own analysis and PVNGS's PAR; 

ARRA provides its PAR to state, local, and tribal agen-
cies (Figure 2).

Proactive action decision (PAD)
State, local, and tribal agencies: the state, local, 

and tribal agencies review the PAR provided by ARRA 
to prepare a PAD. The PAD is signed by either the 
Governor of the state of Arizona or a Maricopa County 
Judge and is then sent out to all concerned agencies. A 
PAD will normally include instructions for evacuation, 

Table 1. Demographic composition in areas around Palo Verde Nuclear Generation Station (PVNGS) located 
beneath the projected plume path with meteorological conditions typifying quarter 1

Demographics/(TEDE rem) (0.000-0.0003) (0.0003-0.002) (0.002-0.005) (0.005-0.01) (0.01-0.4) Total Outside

Tracts 213 145 50 73 68 549 977

Tract area, miles2 1,201 726 425 475 650 3,477 110,513

Total population 305,529 207,069 41,606 75,125 34,214 663,543 5,583,273

White 235,302 157,724 31,010 57,221 21,834 503,090 4,380,516

Black 16,143 9,151 2,337 3,266 1,574 32,471 208,184

Asian 16,948 12,539 1,094 2,214 581 33,375 145,326

Native American 6,267 4,629 1,855 4,149 7,049 23,949 254,387

Others 30,870 23,025 5,310 8,276 3,177 70,658 594,860

Hispanic 66,773 45,665 10,932 18,591 6,745 148,705 1,665,969

Color 110,872 75,803 16,869 29,130 16,337 249,011 2,330,774

White, percent 77.01 76.17 74.53 76.17 63.82 75.82 78.46

Black, percent 5.28 4.42 5.62 4.35 4.60 4.89 3.73

Asian, percent 5.55 6.06 2.63 2.95 1.70 5.03 2.60

Native American, percent 2.05 2.24 4.46 5.52 20.60 3.61 4.56

Others, percent 10.10 11.12 12.76 11.02 9.29 10.65 10.65

Hispanic, percent 21.85 22.05 26.27 24.75 19.71 22.41 29.84

Color, percent 36.29 36.61 40.55 38.77 47.75 37.53 41.75

Renter-occupied housing 
units, percent

26.70 20.73 15.66 16.42 18.38 22.57 27.81

College degree or higher, 
percent

37.20 34.26 19.32 23.37 18.08 32.43 25.60

Unemployed, percent 6.18 6.25 6.28 8.07 8.08 6.47 7.80

Below poverty line, percent 8.95 7.00 8.90 10.68 15.65 8.86 16.01

Mean household income, $ 86,360 85,695 80,214 69,205 59,475 82,421 65,767
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sheltering-in-place, and the administering of potas-
sium iodide (KI). Meanwhile, the NRC is tasked with 
monitoring and evaluating the situations as it develops 
to provide technical leadership to the federal govern-
ment officials (Figure 2).

Issues with effective evacuation
Having discussed the process behind the decision to 

issue a call for evacuation, this study would now like to 
evaluate the potential effectiveness of evacuation from 
an emergency management perspective. The effective-
ness of any emergency preparedness plan is dependent 
on how planning, training, and existing, written plans 
relate to one another and to the ultimate goal of a suc-
cessful emergency evacuation in the face of a natural 
or technological disaster.15 In the following paragraphs, 
this study will evaluate the potential effectiveness of 
emergency planning by examining the relationship 
among planning, training, and written plans.

First, in terms of planning, evacuation plans do 
not focus on mitigation before an incident takes place, 
but rather emphasize the response to a disaster. In 
general, an emergency management plan includes four 
phases: mitigation, or activities designed to minimize 
the impacts of the event; preparedness, or activities 
designed to prepare stakeholders to identify and assess 
to potential impacts; response, or activities having to do 
with how stakeholders respond to an emergency; and 
recovery, or activities designed to restore and rebuild 
the affected areas to pre-emergency conditions.16 The 
first two phases involve efforts that must be undertaken 
before an emergency has occurred, while the latter two 
are focused on efforts undertaken after the emergency 
has already taken place. As part of any effective emer-
gency management plan, to minimize the potential 
impacts of the disaster, every effort must be made for 
both mitigation and preparedness. Lead time is very 
important for both mitigation and preparedness. For 
example, a tsunami early-warning system could issue a 
warning anywhere from a few minutes to hours before 
the actual tsunami would hit the affected areas, provid-
ing the local population ample lead time to mitigate the 
risks they face by relocated to a designated safe haven.

Looking at the tentative timeline for response 
and rescue efforts in the aftermath of a nuclear 

power-related incident (Figure 2), it could be argued 
that the evacuation process is not designed in a way 
to mitigate the risks to people living in areas prone to 
exposure because of the lack of lead time. With no or 
insufficient lead time, the planned evacuation process 
could be delayed for any of three reasons:

1.Within 15 minutes of an emergency event 
occurring, PVNGS would be expected 
to provide a PAR to the relevant state, 
local, and tribal agencies. This seems 
unrealistic in this context because pro-
jecting radiation doses and the plume 
path requires the collecting and analysis 
of field data. Collection of field data at 
10-minute intervals along the central 
axis requires a certain amount of time. In 
addition, it is unclear how soon after the 
event plant management would recognize 
that they faced an emergency or potential 
disaster scenario—for instance, PVNGS 
has in the past experienced a leak of radi-
ation-contaminated water from one of the 
three reactors on site that went unno-
ticed for an unknown period of time.17 On 
October 5, 2013, the plant found a small 
leak in reactor unit 3 during regular 
refueling. It was estimated that the leak 
had been responsible for the release of 
radioactive fluid at a rate of 0.01 gallons/
min; the leak was contained within the 
reactor unit housing and did not reach 
the outside environment. The humidity 
detector inside the reactor's containment 
dome did not detect the leak, which 
likely transformed into steam as soon as 
the fluid leaked from the reactor vessel. 
The leak therefore went undetected until 
the reactor was opened for a scheduled 
refueling, which normally occurs every 
18-24 months, as part of the normal refu-
eling cycle. In addition to the unnoticed 
leak, PVNGS has also been shut down 
due to a problem with a valve on one of 
the reactor's two steam generators, on 
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November 11, 201318; the NRC described 
it as a near-miss event because of the risk 
of damage to the reactor core.19 Given 
these problems with event detection, it 
is highly unlikely PVNGS authorities 
would be able to complete a PAR within 
15 minutes of core-meltdown accident.

2. It is up to ARRA to provide a PAR, based 
on PVNGS's PAR and its own analysis, 
within 15 minutes after having received 
notification and information from the 
NPP. Before the agency can provide dose 
estimates, their volunteer Monitor Pool 
must first collect field data. Even if said 
volunteers are in Phoenix at the time 
of the accident, they would still have 
to travel a distance of some 60 miles, 
from ARRA's offices to PVNGS, located 
in Tonopah. The travel time alone may 
be as much as 1 hour, and that again 
assumes near-instant identification and 
notification of the event. Once field data 
were collected, ARRA must then input 
the observations to produce dose esti-
mates using RASCAL. It is therefore 
highly unlikely that ARRA would be able 
to generate a PAR within 15 minutes.

3. The 15-minute timeframe from when 
ARRA receives a PAR from PVNGS to 
produce a PAR also includes time allo-
cated for state, local, and tribal stake-
holder agencies to make decisions on a 
PAD. After making a PAD, it must be 
signed by the Governor of the state of 
Arizona or a Maricopa County Judge 
before it can take effect. The timeline for 
an emergency evacuation therefore could 
not be said to begin immediately upon the 
occurrence of the emergency event.

The potential delays that are part of the planned 
timeframe amount, in a best-case scenario, to a 
30-minute window elapsing before the agency in 

charge reaches a PAD and can take actions to put it 
into effect; unfortunately, the dispersal of the radioac-
tive plume emanating from the NPP would not pause 
during this time. It will instead continue to disperse 
based on the wind speed and direction conditions that 
prevail at that time. Supposing that the wind speed 
was 10 miles/h, the plume will have traveled more 
than 10 miles within 60 minutes. Any delay in pro-
viding a PAD means it is highly likely that the popu-
lations living in the plume pathway exposure zone 
will be unnecessarily exposed to radiation, leading to 
increased risk of injury and death.

The second dimension is training and, in par-
ticular, the relationship between training and the 
implementing of an evacuation process. Under 
FEMA's Radiological Emergency Response Plans 
(RERP), the most recent drill to assess the emer-
gency response preparedness for medical emergen-
cies related to radiation exposure was conducted on 
November 1, 2011.20 Seven stakeholders participated 
in the drill, including ARRA, PVNGS, and Buckeye 
Valley Fire Department (BVFD). In practice, there 
are more than seven stakeholders, including other 
fire departments and first responders. The purpose 
of the exercise was to respond to an emergency 
involving two patients suffering from radiation-
related injuries and to transport them to hospital. 
The report indicated that BVFD had no perma-
nent dosimeters but borrowed ones, and emergency 
responders had direct reading dosimeters that are 
needed to collect data on radiation levels according 
to the EPA's PAGs.20 Watkins et al.21 found that 26 of 
the 31 states that host a NPP were poorly prepared 
to undertake an adequate response to a major radia-
tion emergency. In particular, they found that those 
tasked with exposure assessment, environmental 
sampling, human specimen collection and analysis, 
and human health assessment were poorly prepared 
to meet their responsibilities as laid out in the writ-
ten response plans. In fact, PVNGS and ARRA's work 
to assess radiation doses and to produce PARs are 
critical parts in getting to a PAD in any emergency 
planning process (Figure 2). Past training efforts 
have overlooked several important elements, how-
ever, including drills or exercises on risk assessment, 
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field data collection, radiation dose estimation, and 
on compiling a PAR. In addition, past training has 
also overlooked the risk-communication element, 
as described by Perry and Lindell,15 who saw that 
training meant to facilitate communication between 
at-risk populations and other federal, state, and local 
agencies with no active role to play in emergency 
planning could be important to overall success in 
such a scenario. Risk-communication training should 
include at-risk populations residing near NPPs; such 
populations also should be provided with KI tablets 
and instructions on when and how to properly use.15

The third dimension of emergency planning is the 
relationship between emergency response planning 
documents and the planning process.15 The study 
found that emergency planning and preparedness 
were well documented, including the EPA's Manual 
of Protective Action Guides and Protective Action for 
Nuclear Incidents (US EPA, 1992) and FEMA's action 
guide.9,12 However, these documents do not relate 
explicitly to the planning process. For example, there 
are duplicate calls for similar work to be conducted 
by PVNGS and ARRA regarding the collection of 
field data and the estimation of radiation doses using 
RASCAL. In addition, the NRC, in its duties of moni-
toring such situation, is also tasked with performing 
dose estimations based on the collected field data, 
again using RASCAL. If these duplicated works could 
be reduced, the time required for a comprehensive 
risk assessment would be shortened.

In the above sections, how the study's findings relate 
to the issue of environmental justice across two dimen-
sions—namely, the distribution of environmental and 
health hazards and the notion of equal access to protec-
tion from potential environmental and health hazards 
were discussed. From a risk distribution perspective, 
the study found that at-risk populations tended to 
include disproportionately high shares of minorities, 
including populations of Black, Asian, Hispanic, and 
Other. From an equal access to protection perspective, 
the study found that the current emergency planning 
protocol has not shown sufficient evidence that it is able 
to protect host communities and their populations from 
being unnecessarily exposed to high doses of nuclear 
radiation.

CONCLUSIONS

This study presented a simulation of the dis-
persal into the atmosphere of a radioactive plume 
conducted using the RASCAL STDose model. The 
study found that, depending on the time of the year 
and the prevailing weather conditions under which 
the event occurred, anywhere from approximately 
660,000 Arizonans would be exposed to the radioac-
tive plume on a typifying weather condition between 
January and March. The area covered by the plume 
could range in size from 3,327 miles2. In general, the 
study also found that higher percent Color, percent 
Black, percent Hispanic, percent Asian, population 
density, percent living below the federal poverty line, 
and percent living in owner-occupied housing unit 
each were likely to expose to radiation during a core-
damage accident. Based on this simulation incident, 
the study presented issues in the disaster manage-
ment process to overcome. With the stakeholders’ 
commitments, they could overcome the issues and 
achieve the ultimate goal of saving lives and minimiz-
ing negative impacts.

This study recommends to improve evacuation 
process, encourage sheltering, and educate use of 
potassium iodide (KI) in case of a GEm at the NPP to 
minimize radiation exposure. First, all stakeholders 
who are involved in the process of generating PAR 
and PAD must work together hand-in-hand to assure 
that the evaluation could take place in a timely man-
ner in case of a GEm. Second, sheltering-in-place is 
a preferred option because evacuation process could 
take a long time. Before evacuation could take place, 
people could stay inside buildings to protect them-
selves from exposure to radioactive plume. According 
to US FEMA22 and US NRC,8 sheltering or staying 
inside buildings could minimize radiation exposure. 
Third, people living around the NPPs must be edu-
cated how and when to use KI pills which could pre-
vent the thyroid from absorbing radioactive iodine. 
The pills must be available to all people living within 
10-mile EPZ zone. As of 2001, KI were distributed 
to 21 of 34 states which host NPPs US NRC.8 The 
authorities should distribute KI in the remaining 
states and should replace expiring stockpiles with 
new KI pills because shelf life of KI is about 6 years.23
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Future studies should incorporate study on risk 
perceptions of people living around the NPPs and their 
willingness to shelter and evacuate by themselves in 
case of a GEm. The future studies’ findings should 
be useful inputs to formulate an effective radiological 
emergency planning.
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Plume Path Dispersion Projection Limitations
This study used the RASCAL 4.3 code to run 

simulations that applied the most commonly pre-
vailing meteorological conditions for quarter 1. The 
RASCAL program has been developed by the NRC 
over the past 25 years for use as a tool in conducting 
rapid assessments in the wake of a nuclear power-
related accident, and for use in aiding first responders 
by providing them with the information they need to 
make informed decisions as to whether to evacuate 

or shelter in place.24 The program also has been used 
to stimulate and evaluate the release of radioactive 
effluents into the atmosphere that results from acci-
dents at NPPs, spent-fuel storage pools and casks, and 
fuel-recycling facilities. In addition, the version used 
here—RASCAL 4.3—is the same code as was used 
by NRC staff to assess the plume path and potential 
impacts of events during the accident at Fukushima 
and to provide technical expertise to Japanese author-
ities involved in the decision-making process.25

APPENDIX A
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There are several limitations associated with plume 
path projections. First, the shape, size, and direction of 
dispersal of the plume are largely dependent on pre-
vailing weather conditions.26 Therefore, the projection 
presented and discussed in this article may not resem-
ble the actual plume footprint that would occur in the 
event of an actual accident on any given day during 
any calendar quarter. Second, the use of this stimula-
tion data in briefings delivered to decision makers dur-
ing an actual emergency is not recommended without 
first incorporating current meteorological data for a 
period beginning a few hours prior to the event26; any 
discussions that might occur surrounding the decision 
to evacuate that are based on the projected plume 
footprints presented here are not practical and are not 
recommended. Third, the STDose model used here is 
designed to estimate projected radiation doses deliv-
ered via a radioactive effluent plume to downwind pop-
ulations. Based on the dose levels the model estimates, 
evacuation and shelter-in-place decisions could then be 
made based on the EPA's Manual of Protective Action 
Guides and Protective Actions for Nuclear Incidents.12

However, these guidelines suggest a range of 1-5 rem 
before the issuing of either an evacuation or shelter-in-
place order, whereas the NRC recommends evacuation 
in most incidents with a projected dose of 1 rem and 
offers no specific minimum level for a shelter-in-place 
order.26 In addition, the actual TEDE is meant to be re-
estimated with field data collected on site by the EPA's 
Radiological Emergency Response Team (RERT), using 
the Field Measurement to Dose model.25 Extreme cau-
tion therefore must be taken in interpreting the rough 
estimate of radiation dose provided by the STDose 
model and in applying those estimates to inform on 
the decision to issue evacuation orders, or to inform on 
evacuation strategies, more broadly.

Above all, this study greatly benefited from the 
availability of the RASCAL STDose model, as it pro-
vided me a means to simulate a plume pathway with 
a rough estimate of radiation dose to understand how 
sociodemographic characteristics are or might be asso-
ciated with radiation exposure, so long as the weather 
conditions input to the model represent a day typical 
of one calendar quarter between January and March.

Figure A1. Summary output: plume path projection for quarter 1.

Summary Output: Plume Path Projection for Quarter 1 
This is given in Figure A1.
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Figure A1. Summary output: plume path projection for quarter 1 (continued).
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