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I. INTRODUCTION

The March 11, 2011 Sendai earthquake and resulting tsunami, in addition to causing tragic loss of
life in Japan, triggered a series of events at the Fukushima Dai-ichi nuclear power plant that resulted
in the release of radioactive materials in the area around the plant and extending out to sea.[1]  But
for (mostly) favorable winds, heavily populated areas nearby might have received more significant
doses of radioactivity.[2] The slow-motion accident at Fukushima, watched anxiously for months by
people around the world,[3] was triggered by the tsunami, but was exacerbated by choices in
reactor design and management made, in some cases, many decades before the event.  In particular,
at Fukushima, the BWR (boiling water reactor) reactor design that placed pools for storing spent
nuclear fuel in the same building with and above the reactor vessel, sharing key utilities, and “dense
packing” of the spent fuel pools to allow them to accommodate more spent fuel, could have
increased both the risk of radiation releases, and the amount of radioactivity ultimately released at
Fukushima.[4]

The Fukushima accident induced a wide spectrum of actors around the world, ranging from nuclear
plant operators, designers, and managers to government officials, civil society and environmental
groups, and the general public, to once again reconsider the safety aspects of nuclear power.  As of
this writing, all of the nuclear plants in Japan[5] have been shut down pending extensive safety
reviews, and several countries, most notably Germany, have markedly shifted their own nuclear
power policies.  Many nuclear plants in the Republic of Korea (ROK) were at least initially shut down
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for safety reviews as well, though most ROK plants have subsequently been brought back on line. 
Even in China, which under virtually any scenario will be building more nuclear power plants than
any other nation, and probably more than the rest of the world combined, paused, reviewed, and
modified its plan for nuclear power deployment as a result of Fukushima.[6]

In a parallel development, the Democratic People’s Republic of Korea (DPRK), after the failure of the
Six-Party Talks (and subsequent negotiations) on the DPRK’s nuclear weapons program, announced
that, in the absence of international assistance to complete a pair of commercial-scale (1000 MW)
light-water reactors (LWRs) begun at Simpo in the 1990s, the DPRK was building its own
domestically designed LWR.   The plan to develop a domestic LWR, and initial work at the site of the
plant—the Yongbyon nuclear complex in the northern part of the DPRK— were revealed to Western
visitors in late 2010.[7] Satellite imagery confirms that construction on this small LWR has
continued through 2012, 2013, and early 2014.  Many of the details of the plant’s design, however,
including the safety, control, and other systems that it will employ, remain unknown.

As a contribution to the global discussion of the safety aspects of nuclear facilities, Nautilus
Institute, supported by the MacArthur Foundation and the Carnegie Corporation, has been
undertaking a project to examine aspects of radiological risk at nuclear energy facilities in Northeast
Asia.  As a part of the “Spent Fuel and Reduction of Radiological Risk after Fukushima” project,
Nautilus commissioned Gordon Thompson to develop a methodology and underlying information to
enable the rapid estimation of the potential releases and dispersion of radioactive materials from
nuclear energy facilities (including reactors and spent fuel management facilities) caused by
accidents at or attacks on those facilities.[8] As an illustrative application of Thompson’s
methodology, Nautilus has undertaken a study of the potential radiological releases from the small
LWR being built by the DPRK.  Given the many unknowns about the DPRK reactor, this study is of
necessity quite approximate and indicative in nature, and its results should be considered in that
light.[9] Below we provide a summary of what is known (and assumed) about the DPRK’s under-
construction LWR, followed by a discussion of the other assumptions included in our application of
the radiological release methodology.  We then present the results of our analysis of potential
radiological releases resulting from an accident at or attack on a completed Yongbyon LWR, and
conclude with a discussion of potential lessons from, and implications of, the analysis.

We focus herein solely on the small LWR, and do not examine the safety dimensions of operating the
co-located small graphite-moderated reactor reportedly restarted in 2013, or possible interactions
between the failure of one reactor and the safe operation of the other.  Graphite-moderated reactors
using magnox fuel cladding are subject to fire should the heat removal fluid (carbon dioxide) be lost
in the core, potentially leading to radiological release.  There is no reason to believe that the DPRK’s
graphite-moderated reactor is exempt from this problem—however, it is not the subject of this
paper.[10]

Summary Conclusions

Our summary conclusions are four-fold.

First, the radiological risk arising from the DPRK’s small LWR should not be overstated, but it also
should not be neglected.  Should an accident (as opposed to an attack) occur at this LWR, the
consequences would not be zero, but due to the technical characteristics of the reactor, they would
likely be modest in scale and in scope.  If the accident affected only the reactor, and not the spent
fuel pool, it seems likely that radiological releases could be very small.  The radiological
consequences of a concerted terrorist attack on the reactor and associated facilities, however, could
be more substantial, in terms of health impacts and damages to property.  These impacts, however,
are highly uncertain, and will remain so even after such an event due to the unresolved issue of
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dose-response threshold assumptions made to determine the excess deaths resulting from low-level
radiation exposure.  Thus, the primary predictable impacts of a radiological release from the DPRK’s
LWR will be psychological in terms of downwind perceptions and anxiety on the part of exposed or
potentially exposed populations, and political, in terms of the policies adopted in anticipation or as a
result of such an event.

Second, our appraisal is that the DPRK undertook this project at least in part in order to offset the
loss of the KEDO (Korean Peninsula Energy Development Organization) LWRs that were to have
been built under the original 1994 Agreed Framework between the US (and its allies) and the
DPRK.  The completion and operation of the KEDO LWRs would have, in the eyes of the DPRK
leadership, brought the DPRK to co-equal status with other regional powers in terms of a complete
nuclear fuel cycle—that is, the DPRK’s small LWR is a symbolic project aimed at embodying the
perceived prestige of the DPRK state in the eyes of its own population and third parties, in
accordance with the juche principle of self-reliance, and in response to the slight of the United
States in cancelling the KEDO project, as well as to fulfill the leadership’s long-standing commitment
to build a nuclear power reactor, a commitment dating back to the early 1980s.  Following the
suspension of the KEDO project, the DPRK leadership sees this small reactor as a first step in
gaining the experience needed to construct a reactor fleet based on domestic technologies.
Nonetheless, the potential utility of the small LWR as a negotiating item, should the parties to the
Korean conflict return to talks, cannot have escaped the attention of the DPRK’s leadership.

Third, on balance and in light of our net assessment of the stakes involved with a potential incident
at the DPRK small LWR leading to release of radiation, we conclude that it is timely for the ROK, the
United States, China, Japan, and Russia—all potentially affected states—to engage the DPRK on the
issue of nuclear reactor safety, irrespective of the nuclear weapons issue.  Although it is difficult to
bring the DPRK into the trilateral (Chinese, Japanese, ROK, see Attachment 1) Cooperative Nuclear
Safety Initiative while it remains completely isolated due to its nuclear weapons program, the earlier
it is engaged on fuel cycle safety issues, the better, and this area is one in which confidence building
measures with the DPRK should be undertaken.

Fourth, this analysis should lay to rest any argument that the DPRK’s small LWR avails it of a way to
lever the United States and its partners to engage it due to the radiological risks posed by the small
LWR.  Left to itself, radiological release due to technological failure, natural disasters, operating
error, or malevolent state or non-state attack on the DPRK’s small LWR poses a risk only to North
Koreans, and because it is so small, even then it poses only a relatively small risk to North Korean
public health due to the high levels of existing risk from disease, malnutrition, and other health risks
in the DPRK. This conclusion arises from a careful consideration of the plausible pathways for
release of radiation from the DPRK’s small LWR and its spent fuel pond, over time, under a wide
range of event specification and analytic assumptions, and in no way suggests a low valuation of
North Korean lives that would be put at risk irrespective of the initial cause of the release.  Rather, it
is a statement of fact about the risk posed on populations outside the DPRK, whose welfare is the
direct responsibility of external governments.

The only way we can envision a large-scale release of radiation, benchmarked against the release
that occurred at Fukushima disaster for example, is deliberate, malevolent attack on the DPRK’s
small LWR and/or its spent fuel pond.  In principle, the power grid connecting to the LWR also could
be subject to attacks intended to cut off its power supply to adjacent areas, or to stop it operating for
safety or other reasons, which could compound difficulties of maintaining control of the small LWR
in the lead up to, during, or after a direct attack.  Due to the risk of reciprocal attack, in which case,
the ROK is disproportionately vulnerable, readers should note that we are not suggesting that US
and ROK forces currently target the Yongbyon reactors or grid.  Whether such attacks would be
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legal under international law in any circumstances remains controversial given reactor targeting
during the Cold War, Israel’s attacks on Iraqi and Syrian reactors under construction, and the
International Atomic Energy Agency’s 1990 resolution 510 on the “Prohibition Of All Armed Attacks
Against Nuclear Installations Devoted To Peaceful Purposes Whether Under Construction Or In
Operation”.[11] In 1994, US military planners did examine closely the feasibility of attacking the
Yongbyon thermal graphite-moderated reactor to disable it, before it could accumulate large
quantities of plutonium.[12]  Such attacks therefore cannot be discounted.

Of course, the probability of such attack from a state-based actor is controlled by the DPRK’s
adversaries, not the DPRK itself (except to the extent it attempts to defend the small LWR against
external attack—mostly likely with the surface-to-air missiles that defend the entire Yongbyon
complex, and their associated radar systems).  Today, the United States has low flying stealth
aircraft (and in the future, drones) and air-launched cruise missiles able to exploit corridors that
evade these radars and would be able to deliver precisely conventional warheads that would disable
and destroy the small LWR.  In this scenario, significant radiological release could occur, and we
have addressed radiological releases roughly consistent with this scenario in our analysis.

The possibility of a reciprocal, retaliatory attack on the ROK’s much larger LWRs or spent fuel
storage sites, however, is likely to give the United States and its allies pause when considering this
option, because the risks to populations and economic losses arising from successful North Korean
missile bombardment of ROK LWRs or spent fuel sites are much greater to the ROK (including not
only radiological exposure, but prospective loss of large fractions of the ROK’s power supply) than
the consequences of a successful attack on the DPRK’s reactor.  In short, the United States and its
allies control most of the variables that would result in substantial radiological release from the
DPRK’s small LWR, but any leverage arising from that dominance is offset by the reciprocal threat
posed by DPRK retaliation to ROK LWRs, neutralizing the US-ROK threat from the DPRK’s
perspective.

Finally, some analysts downplay the risk of non-state attack on the DPRK’s LWR on the grounds that
nuclear security in the DPRK is extremely tight—possibly more so than any other reactor site on
Earth.  In our view, any assumption that non-state actors are not present or unable to attack
radiological facilities in the DPRK is just that—an assumption.  Transnational criminal networks
operate across borders and reach into the DPRK,[13] as do politically and ideologically motivated
networks opposed to the regime.  For all these reasons, it is appropriate at a purely analytical level
to include state and non-state attacks on the reactor and its supporting infrastructure as possible
reason for a reactor accident and radiological release, not only technological failures within the
reactor itself.

As to home-grown non-state malevolent attack on the DPRK’s nuclear facilities, including its small
LWR, the prevailing assumption amongst analysts is that this risk is non-existent so long as the
current regime exists, due in part to the related belief that there are no autonomous, non-state
actors in the DPRK social system.  Based on our experience of working in the DPRK as well as
decades of close observation of DPRK decision-making at many levels, we believe that these
assumptions and beliefs are wrong, both empirically, and in the underlying theoretical frameworks
that shape these external perceptions of the social reality of the DPRK.

This essay is not the place to engage in this debate.  We admit that the DPRK has many cross-cutting
surveillance and control apparati that provide the leadership with unparalleled means of control
over the population.[14]  We suggest, however, that fealty and ideological commitment are at the
core of compliant individual and group behavior in the DPRK, not surveillance and terror.  This issue
is hotly contested among scholars of the DPRK’s political culture.  We believe that there are
plausible scenarios of collapse and disorder in which insurgent individuals and networks could pose
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a threat to the regime, albeit of indeterminate probability.[15]  In some scenarios in which the
regime unravels from the top down, potential insurgent elements could find it useful to create
spectacular threats in order to invoke US and ROK intervention.  We stress that there is no empirical
data on which to make such judgments at this point.

Relatedly, the DPRK was characterized in 2012 as having the worst nuclear security of the thirty
states that have access to weapons-usable nuclear materials (based on an index ranking of five
material quantity, security and control measures, global norms, domestic commitments and capacity,
and societal factors).[16]   If, as we suggest above, scenarios of non-state malevolent attack are
plausible, then it is prudent for external powers party to the DPRK nuclear conflict to persuade the
DPRK to implement its national obligations to control non-state actors in relation to weapons of mass
destruction imposed on all states by UNSC Resolution 1540, including reporting to the 1540 Expert
Committee.  Participation in this regime may enable the DPRK to build confidence that the small
LWR and DPRK spent fuel ponds are  not vulnerable to non-state actor malevolent attacks, and that
by building control systems that meet international standards and are transparent to external actors,
and induce the DPRK to participate in the international nuclear security regime in a responsible
manner.

II. THE YONGBYON LWR: KEY ASSUMPTIONS
In a visit to the DPRK’s Yongbyon nuclear complex in late 2010, a delegation from the United States
including Siegfried Hecker of Stanford University were shown an operating uranium enrichment
facility previously unknown to international observers, and were told that the DPRK was
constructing an experimental Light Water Reactor (LWR), as part of a DPRK effort to develop a
domestic nuclear energy source.
Shortly thereafter, Hecker described his visit in a report that also expressed concerns about the
potential safety shortcomings of a DPRK reactor. If those safety concerns are realized, the DPRK
LWR could, once commissioned, be vulnerable to accidents causing significant radioactive releases.

As described to Hecker[1] by his Korean hosts, and as observed by Hecker and his colleagues, the
under-construction DPRK LWR was planned to have (and, we assume, has or will have) the following
approximate characteristics:

Designed heat output: 100 thermal megawatts (MWth)●

 

Electricity generation capacity: 25-30 MWe (megawatts electric output, by Hecker’s estimate). We●

assume for the sake of this calculation that the output is 25 MWe, implying a relatively low
conversion efficiency of 25 percent. A relatively low conversion efficiency would be expected for a
first-of-its-kind technology.
 

Level of enrichment in U235: 3.50 percent.●

 

Mass of Uranium in the reactor core: 4 tonnes heavy metal (tHM).●

 

Implied rate at which the reactor uses fuel per unit output: 40 kg HM per MWth.●

 

Height of containment structure: 40 meters.●

 

Diameter of containment structure and reactor dome: 22 meters.●

 

Construction of the DPRK LWR in recent years has not been observed (at least in reports we could
find) on site by international visitors, but satellite photos taken over the last two years have shown

5



continuous progress in construction of structures in the area of the reactor. Figures 2-1 shows a
photo of the reactor complex area in late 2010, probably about the time that Hecker and his
colleagues visited the site. Figure 2-2 shows the site as it was in June 2012, and Figure 2-3 shows a
digital rendering of the site from the same time period, from a perspective northeast of the reactor
building. Figures 2-4 and 2-5 present images taken, respectively, in approximately late Winter/early
Spring of 2013, and in late Spring/Early Summer of 2013. Both show the dome of the reactor
containment in place and painted, most or all of the support structure used while building the
reactor removed (including the two tower cranes used to put the dome in place) and other site
improvements. In the time between when the images in Figures 2-4 and 2-5 were taken, the site was
further graded, and several concrete walkways or roadways were completed, including a cap over
what seems to be a trench for piping between the reactor and the river. Figure 2-6 shows the site as
of early 2014.

Figure 2‑1: DPRK LWR Reactor Site, Late 2010[2]

Figure 2‑2: DPRK LWR Reactor Site, June 2012[3]

Figure 2‑3: Rendering of DPRK LWR Reactor Site, June 2012[4]
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Figure 2‑4: Satellite Photo of Yongbyon Reactor, Early 2013[5]

Figure 2‑5: Satellite Photo of Yongbyon Reactor, Mid-2013[6]

Figure 2‑6: Satellite Photo of Yongbyon Reactor, Early 2014[7]
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Not yet described in available reports, however, are other details of the reactor, such as the size,
number, and other characteristics of the fuel rods/bundles, though Hecker reported that the North
Koreans planned to use uranium oxide (UO2) fuel. Hecker reports that North Korean engineers have
told him that that the LWR is to be a PWR (pressurized water reactor).[8] Our initial assumption was
that, because the PWR has a somewhat more complex cooling structure than the boiling water
reactor (BWR) design that is the other common LWR variant, it would be preferred by the North
Koreans for ease of manufacture, but apparently this is not the case. Many BWR and PWR designs,
albeit mostly for larger reactors, would have been available for the North Koreans to use as
templates. A BWR only somewhat larger (67 MWe, as opposed to modern BWRs of 1000 MWe or
more) than the DPRK unit operated for several decades, first, in the 1960s, as an experimental
reactor, and then as a commercial reactor, at a lakeside location in Michigan, USA (see Figure 2-7).
Other examples of early, small reactors in the United States include Pacific Gas and Electric
Company’s Humboldt Bay reactor in California, a 63 MWe BWR that began operation in 1963 and
was shut down in 1976, and the 50 MWe LaCrosse (Wisconsin) plant, also a BWR, which started up
in 1969 and was closed in 1987.[9]

We do not know whether the designs of any of these particular reactors were available to the DPRK,
but they are examples of designs that DPRK scientists and technicians might have studied in
preparing the plans for the Yongbyon unit.

We also assume that the DPRK LWR will use stainless steel cladding for the fuel rods, rather than
the Zircaloy (typically 98 or more percent zirconium alloyed with small amounts of other metals)[10]
cladding usually used on LWR fuel rods. We make this assumption because we assume that the
DPRK would have difficulty with Zircaloy metallurgy, and might have difficulty importing Zircaloy
due to international sanctions. In conversations with DPRK nuclear engineers, Hecker was told that
a decision had not yet been made as to the composition of the cladding of the fuel for the DPRK
LWR. The assumption of the use of stainless steel cladding is of importance in terms of radiological
risk because in the presence of oxygen and water vapor at high temperatures, Zircaloy reacts with
steam to produce hydrogen, and can also ignite, causing a fire that can spread radioactive materials
into the atmosphere. Stainless steel cladding can also evolve hydrogen under similar conditions, but
stainless steel’s rates of hydrogen evolution is less, by a factor of two or more, than that of Zircaloy
under the same conditions.[11] A comprehensive evaluation of the relative costs and benefits of the
two cladding materials from a radiological release and in-reactor performance perspective
apparently remains to be done.[12] The United States Nuclear Regulatory Commission has released
an extensive review of the potential environmental impacts of different modes of spent fuel storage,
in which a discussion of spent fuel pool “fires” is included.[13] A detailed review of this topic is,
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however, beyond the scope of this paper.

Assumptions and suspicions about the technical parameters and expected operating procedures for
the DPRK’s LWR aside, it is clearly important for the international community to learn more about
this reactor, and the DPRK’s plans for it. As noted below, developing opportunities to engage with
the DPRK on nuclear issues may offer both access to learn more about what the DPRK intends with
regard to the reactor, and opportunities to help to correct safety deficiencies in the reactor design
before it is powered up, thus potentially avoiding at least some of the radiological risk associated
with the unit.

III. Assumptions Used in Modeling Potential Radioactive
Release from the Yongbyon LWR
The methodology developed by Gordon Thompson for estimating release of radioactive materials
following an accident or attack includes seven steps:

Specify the system1.
 

Figure 3‑7: Example of Small BWR --67 MWe Big Rock Point, MI, US, Completed early 1960s[1]

Characterize the spent nuclear fuel in the system2.
 

Assess the potential for an atmospheric release of radioactive material3.
 

Estimate the behavior of a radioactive plume4.
 

Characterize downwind assets5.
 

Assess harm to downwind assets6.
 

Assess collateral implications of radiological risk from spent nuclear fuel7.
 

For some of these steps, Thompson has provided quantitative tools for estimating key parameters
and results, while for other steps—including steps 5 and 7 above—more qualitative approaches or
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other quantitative tools are likely to be needed.

3.1  CHARACTERIZATION OF SPENT FUEL IN THE SYSTEM
The methodology thus requires, first, a description of the reactor complex—which we have provided
(at least approximately) above, and second, an estimate of the inventory of spent fuel in the reactor
and in storage at the time of the assumed incident, and an estimate of how much of certain key
radioactive species are present in the fuel at that time. In order to estimate these quantities, we
assume, for the sake of the radiological risk assessment calculation that:

The reactor has operated for 1, 3, 5, 15, and 20 years as of the time of this radiological risk●

calculation. Assuming that the reactor had operated for less time would yield a lower inventory of
radioactive products overall, as shown in Figure 3-1. Note that it is possible that the reactor will
not, in fact, operate for even 15 years. The DPRK regards this reactor as an experimental unit,
meaning that they may plan to shut it down once DPRK nuclear scientists and engineers have
learned what they need to about the construction and operation of LWRs, and once the next
generation of DPRK reactors has been built. Alternatively, the reactor might be shut down earlier if
it performs poorly. On the other hand, if there is a delay in developing next-generation DPRK
reactors, this “experimental” 25 MWe LWR may ultimately be used longer than expected or
anticipated.
 

The reactor operates at an average capacity factor of 80 percent. This is somewhat less than the●

typical capacity factor for many LWRs worldwide, though in fact not so different than that
experienced in Japan during most of the pre-Fukushima years. It is still likely to be an over-
estimate of actual performance for the DPRK LWR, particularly in the early years, but is probably
in line with DPRK expectations for the reactor.
 

Approximately one-third of the reactor’s core is replaced every 1.5 years, consistent with designs●

of PWRs (and BWRs) in general.[2] Figure 3-2 shows the estimated inventory of Cs-137 in the
reactor core, factoring in the cycles of fuel replacement.[3]
 

The spent fuel storage pool is assumed to be located, as in other PWR designs, outside of the●

reactor containment building, near (but not necessarily adjacent to) the containment building, and
probably below or at the same level as the reactor core.
 

By 15 years after the first operation of the spent fuel pool inventory would be 12 tonnes HM. Note●

that this assumes that all of the spent fuel produced is not only placed in but stays in the spent fuel
pool. It is possible, perhaps more than possible, that the operators would withdraw some of the
fuel for reprocessing to extract plutonium for use in weapons,[4] even if doing so would place
technicians at risk for radiation exposure. If some of the fuel is reprocessed, the spent fuel pool
inventory would decrease, and some of the radioactive inventory that would have remained in the
pool will be transferred to another facility at Yongbyon, with some of the radioactivity ending up in
high-level wastes from reprocessing.
 

We assume that the spent fuel pool capacity (packed at low or standard, not high, density) is●

approximately five times the core size, or sufficient to accommodate 20 tonnes HM of spent fuel
assemblies.[5] Note that although this ratio of pool size to core size is consistent with historical
practice in nuclear reactor construction worldwide, the DPRK could choose to build a smaller, or
larger, spent fuel pool without markedly changing the cost of the reactor project as a whole.
 

We assume that the design fuel burn-up at the DPRK plant was intended to average somewhat●

approximately the representative level of 32 GW-days/tHM, cited by Gordon Thompson for PWRs
with enrichment of 3.2 percent U-235, which adjusted for the higher assumed enrichment in the
DPRK reactor fuel yields 35.0 GW-days/tHM. We assume somewhat actual average burn-up is

10



lower than this design level, however, because it will take DPRK technicians some time to become
proficient in fuel fabrication and handling. As a consequence, we assume an average burn-up of 28
GW-days/tHM over the reactor lifetime, which implies that the average full-load thermal output is
about 85 MWth, rather than 100 MWth, if we continue to assume that the mass of the reactor core
is at the as-reported level of 4 tHM. Average burn-up is thus assumed to be 28 GW-days/tHM for
spent fuel added to the spent fuel pool during and after the third refueling of the reactor (that is,
from 4.5 years after start-up on).
 

The average age (after discharge) of spent fuel in the spent fuel pool is 6.75 years (calculated)●

after the reactor has been operating for 15 years.
 

We assume that the DPRK converts to dense racking when or if the amount of spent fuel in the●

pool plus the amount of fuel in one core plus the amount required for one refueling of the reactor
would exceed the capacity (at standard packing density) of the reactor pool. Based on the
assumptions above, this would occur after about 17 years of reactor operation.
 

Figure 3‑1: Estimated Cesium-137 Inventory in DPRK LWR versus Years since Reactor Start-up

Figure 3‑2: Estimated Cesium-137 Inventory in DPRK LWR Rector Core (only) versus Years since
Reactor Start-up

By way of comparison, the maximum content of Cs-137 in the DPRK LWR reactor core, as calculated
above, is on the order of 3.5 percent of the estimated inventories of Cs-137 in each of the reactor
cores of Fukushima Dai-ichi Units 1 through 3 at the time of the accident, and on the order of 1
percent of the Cs-137 in the cores of the three crippled units combined. After 20 years of operation,
the approximately 50 PBq of Cs-137 in the core and spent fuel pool of the DPRK LWR (assuming no

11

https://nautilus.org/wp-content/uploads/2014/05/Untitled10.jpg
https://nautilus.org/wp-content/uploads/2014/05/Untitled11.jpg


fuel is removed over time) amounts to about 1.7 percent of the total inventory of Cs-137 in the
reactors of Fukushima Dai-ichi Units 1 through 3 and the spent fuel pools of Units 1 through 4.[6]

3.2  ASSUMPTIONS FOR ASSESSMENT OF RADIOLOGICAL
RELEASE POTENTIAL
In order to estimate the radiological outcome of an accident at or attack on a reactor and/or spent
fuel storage complex, it is necessary to make assumptions about the degree to which each of the
sources of radioactivity (specifically, for this estimate, Cs-137) “participate in” an accident or attack.
The participation fraction is an estimate of the extent to which the different potential sources of
radioactivity at the site are involved in a given event in which radioactivity is released. For those
fuel-containing facilities of the reactor complex (reactor core, spent fuel pools, transport casks, and
dry casks) that are involved in the event, it is further necessary to estimate a release fraction for the
Cs-137 present. That is:

Cs-137 release in a given facility = Inventory of Cs-137 for the facility * the participation
fraction for the facility * the release fraction for the facility

The total Cs-137 radioactivity released is the sum of the releases over each facility. We made the
following assumptions in applying step 3 of the methodology developed by Gordon Thompson:

Unlike larger LWRs, including the Fukushima BWRs, the core of the DPRK LWR will be sufficiently●

small that virtually no plausible accident scenarios related to, for example, technical malfunctions,
inadvertent operator error, seismic damage, or industrial accidents can be devised that would lead
to significant releases of Cs-137 to the atmosphere. The reason for this is that the core is
sufficiently small that in the event of loss of coolant the reactor core would be self-cooling, and
releases of Cs-137 would be small, if any. As a result, we assume that the reactor core has a
“participation fraction” of zero in the event of an accident. In the event of an attack, however,
including through the use of explosives or via sabotage (whether carried out by those inside or
outside the plants), the reactor core could be breached, thus for an attack scenario, we assume a
participation fraction of one. This implies for an incident affecting the Yongbyon LWR, the reactor
core is damaged such that a pathway for emissions of radioactive gases is created. An attack on
the facility, in this case, is assumed to be a general one by a non-state actor using devices designed
to cripple or destroy the facility, or carried out via sabotage, but is not specifically designed to
maximize release of radioactive materials.
 

The “Participation Fraction” for the spent fuel pool in an accident or attack was assumed to be●

zero until dense racking is needed. Thereafter, its participation fraction depends on the mode of
the accident or attack, as described below. Given our assumptions regarding the number of years
of reactor operation before the event, that the spent fuel pool, though it may be damaged in the
event, is not expected to release any Cs-137 before about 17 years of reactor operation.
 

If, as has been reported, the DPRK LWR is a PWR, its spent fuel pool will likely be located outside●

of the reactor containment in an adjacent building, and at or below grade level (as opposed, for
example, to the spent fuel pool location at a level above the reactor core used in the Fukushima
BWRs). As such, its potential exposure to conditions that would cause it to release radioactivity to
the atmosphere in the event of a reactor accident, for example, through a technical failure,
operator error, or seismic event,[7] are likely more limited than would be the case for a BWR
design. Common-mode failures during an accident where the reactor core was damaged would
likely be related to the loss of power for cooling the spent fuel pool. This common mode failure is
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arguably less probable (or, in any event, easier to recover from) for a PWR than a BWR, given the
location of the spent fuel pool in a different building than the reactor.
 

It is beyond the scope of this paper to explore all of the possible accident or attack scenarios that●

could befall the DPRK LWR. Given the technical considerations above, we assume that the range of
true accident scenarios that would involve a participation fraction significantly above zero for the
spent fuel pool is very limited. Such an accident would have to apply to a spent fuel pool using
dense packing of spent fuel. This means, given our assumptions, 17 or more years of spent fuel
would need to be stored in the pool, which is perhaps unlikely given that the DPRK may remove
some fuel for reprocessing and/or choose to store spent fuel elsewhere. In addition, the accident
would need to damage the spent fuel pool such that it loses cooling for long enough—likely days or
weeks—for the water in the pool to boil away and to heat to the point at which some fuel elements
would fail. This would imply a loss of ability to provide auxiliary cooling for a period long enough
for the spent fuel to be damaged, which would in turn imply that radiation levels were high enough
to keep technicians and emergency personnel from implementing triage cooling measures (such as
those employed in the spent fuel pool of Fukushima Dai-ichi Unit #4). Given anecdotal reports (and
our own experience) of a lack of an industrial safety culture in the DPRK, the prospect of radiation
conditions limiting emergency cooling options would seem less than it would be in Japan or the
United States (for example). On the other hand, one could argue that the likelihood of timely
availability of functioning pumps, tanker trucks, or other equipment to provide emergency cooling
for a damaged spent fuel pool in the DPRK could well be lower than in most nations. The lack of
cooling water has also been mentioned as a safety-related problem for both reactors at
Yongbyon.[8] All of the above considered, for an accident scenario, we suggest that most cases
would probably involve a participation fraction of zero for the spent fuel pool, meaning no
significant emissions of Cs-137. We do, however, consider as a worst-case scenario, an event in
which the participation fraction in the event of an accident is one—due, for example, to a failure
causing a large leak in the spent fuel pool under conditions where auxiliary cooling cannot be
implemented in a timely fashion. The consequences of this worst-case accident scenario, for
modeling purposes, are the same as for a scenario involving an attack designed to breach the
spent-fuel pool while crippling the LWR itself.
 

Under an attack scenario, the “Release Fraction”—that is, the fraction of Cs-137 released to the●

atmosphere—is assumed to be 0.3 for Cs-137 in the reactor core. Note that this would be higher by
about an order of magnitude than the average release fraction estimated for the cores of the
Fukushima Dai-ichi units 1 through 3, and thus implies an attack or sabotage (or both) that results
in considerable damage to both the reactor vessel and its containment.
 

For the spent fuel pool, though as noted above, given the period in operation assumed before an●

incident, the spent fuel pool is assumed not to be involved in releases of radioactivity until it is
dense-packed. At that point, in a worst-case accident scenario or an attack scenario, the release
fraction for Cs-137 becomes limited by our assumption of the use of stainless steel cladding for the
reactors fuel assemblies. The use of stainless steel cladding renders impossible the ignition of the
cladding itself, as could happen with Zircaloy cladding, and thus limits releases of Cs-137 to those
caused by failure of the fuel cladding by overheating of fuel elements (“hot gap” ruptures). The
heat required to cause these types of ruptures, in turn, is possible only with the most radioactive
spent fuel, that is, spent fuel recently removed from the reactor. Emissions from “hot gap”
ruptures in the spent fuel pool are estimated at 3 percent of the Cs-137 inventory from spent fuel
equivalent to the loading of one-third (that is, the most recent set of fuel elements replaced) of the
reactor. As an alternative scenario, also in case of a worst-case accident or attack, we calculate
releases of Cs-137 if the DPRK does use Zircaloy cladding. In this variant, the release fraction for
the spent fuel pool is assumed to be 0.3 for the entire spent fuel pool once dense-racking has
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begun.
 

No dry casks or transport casks are present at the time of the modeled accident, because spent●

fuel inventories have not yet accrued to the point that they are needed. If such casks were present,
their participation fraction would be assumed to be zero, as it is assumed that an attack on the
facility by a non-state actor would not involve the highly-targeted, highly skilled types of activities
required to penetrate and ignite spent fuel stored in dry casks or transport casks; and that it would
be irrational strategically for a state to attack dry casks full of radiological material with
unpredictable effects downwind on military operations as well as on neighboring countries
including the ROK, Japan, and China.
 

3.3  ASSUMPTIONS FOR ESTIMATION OF BEHAVIOR OF
RADIOACTIVE PLUME
In order to estimate the behavior of a radioactive plume rising from the Yongbyon LWR after an
accident or attack (step 4 in the methodology), we make the following assumptions:

The average wind speed at Yongbyon at the time of the accident or attack is 7 meters per●

second,[9] and prevailing winds at the time of the incident are out of the North or Northwest. As
the prevailing winds on the Korean peninsula are typically from the North (that is, blowing toward
the Republic of Korea) in the winter, and from the South (that is, blowing toward China and
Russia) in the summer, this assumption is quite important in defining downwind assets.
 

We used a 1 cm per second deposition velocity for particles released in the accident or attack. This●

is assumption is commonly used in the application of the wedge model, and is consistent with
typical winter weather and windspeeds in the region of the Yongbyon site.[10]
 

As noted, the fourth step in Thompson’s methodology involves modeling the behavior of the plume of
radioactive material released by the accident or attack and through subsequent damage to the
reactor and spent fuel stored at the site. A simple “wedge” model is used to carry out this
modeling[11] Some of the assumptions made in applying the wedge model for a release of
radioactivity from the LWR at Yongbyon include:

A “Mixing Height” of 1000 meters, representing the height above the ground through which the●

plume of released materials is assumed to be mixed;
 

A “Wedge Angle” of 0.25 radians (about 14 degrees), representing the spread of the plume of●

material as it travels downwind;
 

A “Shield Factor” of 0.33, representing the average degree to which humans in the area of the●

plume are shielded from radiation;
 

An exposure time of 5 years, though this parameter was varied in our application of the model for●

the purposes of sensitivity analysis;
 

Distances for ground contamination and individual dose calculation were varied from 5 to 350 km●

from Yongbyon (see below);
 

Calculations of collective dose were made at four locations, ranging from the immediate area near●
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Yongbyon outward and southward to Seoul (see below).
 

3.4 CHARACTERIZATION OF DOWNWIND ASSETS
Based on our assumption of a wintertime event (accident or attack) triggering releases of
radioactivity from the LWR at Yongbyon, we reviewed the downwind assets that the plume would
encounter. These include (but are by no means limited to):

The plutonium separation complex at the Yongbyon site, that is, the facilities used to separate●

plutonium (Pu) from the nominal 5 MWe[12] gas-cooled, graphite moderated reactor at
Yongbyon—which was shut down in 2007, but was apparently restarted late in 2013,[13] as well as
the reportedly unusable structure of the partially-completed 50 MWe gas-cooled, graphite
moderated reactor abandoned as a part of the 1994 Agreed Framework, and other elements of the
Yongbyon research area, This complex is located 1 to 2 km due South of the reactor site, as shown
in Figure 3-3.
 

The Chongchon River, which is 10 to 15 km South of the reactor site, and to which the river●

flowing past the reactor site (within tens of meters of the reactor) is a tributary.
 

A tributary of the Taedong river (which flows through Pyongyang), located about 30 km South of●

Yongbyon.
 

The Pukchang power plant (the largest in the DPRK, with a nominal capacity of 1600 MW, and,●

probably, a functional capacity of 500 MW or so) about 35 km Southeast of Yongbyon.
 

The coal mining area of Anju, about 50 to 60 km to the Southwest of the reactor site. The Anju coal●

area is the site of one of the major mines in the DPRK.
 

A number of cities with populations of 100,000 or greater, and located between 15 and 100 km●

from Yongbyon, as well as, further afield, the major cities of Pyongyang and Seoul. Table 3-1
provides a summary of the larger cities downwind of the reactor in winter.
 

Figure 3‑3: Towns and Facilities in the Vicinity of the LWR Site[14]
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Table 3‑1: Major Cities Downwind from Yongbyon in Wintertime[15]

IV. ESTIMATED RADIOLOGICAL RELEASES, DOWNWIND
DEPOSITION, AND HEALTH IMPACTS FROM AN ACCIDENT
AT OR ATTACK ON THE YONGBYON LWR
Below we present the results of wedge model calculations carried out using the assumptions
presented in sections 2 and 3 of this paper. Before presenting our results, it is crucial that we
convey the key caveats associated with this research, viz:

As noted, there are many uncertainties, for those of us without access to information about the●

DPRK’s plans for the Yongbyon LWR (meaning virtually everyone but a very few researchers and
officials in the DPRK itself), about what technologies and safety systems will be used in the reactor.
If our assumptions about the reactor are off-base, our analytical results may require revision.
 

The wedge model is a convenient tool to obtain an approximate sense of the potential atmospheric●

transport of radioactive materials emitted as a result of accident or attack, but other available
models can provide more detail. Other models, however, require more data, including weather
data, to run[1], and in many cases more expertise as well, and are subject to uncertainties of their
own. In addition, all atmospheric transport of radioactive (and non-radioactive) materials can vary
hugely with local conditions at the time of the incident, including temperature at different levels of
the atmosphere, prevailing winds directions and velocities (and changes in same), and
precipitation. This means that the results of even the best models may vary considerably from what
occurs during an actual release event.
 

Our analysis has focused on a single radioactive element, Cs-137, though other radioactive●

elements released following an accident or attack could also contribute to doses received by
nearby populations. One estimate of the relative contributions of the different radionuclides to
total doses from the Fukushima accident[2] suggests that 43 percent of the total dose came from
cesium isotopes, thus as a rough estimate, Cs-137 might contribute about half of the total dose of
radioactivity from an incident at Yongbyon.[3]
 

There is a longstanding and ongoing debate about the impact on human health of radiation at very●

low doses. A body of scientific opinion contends that even small additions of radiation, below the
threshold of the radiation background experienced routinely by human populations, contributes to
the risk of cancer, or at least that it cannot be proven that it does not do so.[4] This “linear no-
threshold” model has been adopted by the U.S. National Academy of Sciences Committee on the
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Biological Effects of Ionizing Radiation. Other researchers, however, contend that very low doses
of radioactivity cannot contribute measurably to human health impacts, or at least that calculations
of the impacts of low doses of radiation should not serve as a basis for public policy[5]. The
biological responses to low doses of radiation have been the subject of a long-term US Department
of Energy Research program[6]. This program, together with related research, has identified a
number of interactions between radiation and biological systems and between biological systems
affected by radiation that make it clear that the biological response to low doses of radiation is
certainly more complex than had been thought. We acknowledge both sides in this debate, and
present our estimates of radiological consequences with the understanding that opinions as to the
validity of the “linear no-threshold model” of the impacts of ionizing radiation, at least for policy
purposes, remains divided, thus readers will have to reach their own conclusions as to whether the
impacts we estimate should affect public policy.
 

With the exception of the immediate vicinity of the accident or attack, it is evident that the●

consequences of radiation released from the DPRK LWR will be far less—likely many orders of
magnitude less—significant in terms of public health impact than any number of other
environmental and other health stressors, ranging from background radiation to air and water
pollution, routine accidents, preventable and treatable diseases, and cancers in the general
population. This is also true with respect to the impacts this posited LWR accidental release would
have in the ROK, and though little direct information is available on the overall state of public
health in the DPRK, is likely to be at least as true in the DPRK as well.
 

4.1   POINT OF COMPARISON: THE FUKUSHIMA ACCIDENT
Before presenting estimates of the potential release of radioactivity due to an accident or attack on
the Yongbyon LWR, it is helpful to review, as a point of comparison, existing estimates of emissions
of Cs-137 and what is currently known about the health and environmental consequences of the
nuclear reactor accident most current in the minds of policymakers and the public, namely, the
accident at the Fukushima daichi power plant initiated by the tragic March 11, 2011 Sendai
earthquake and tsunami. Such a comparison is, of course, by its nature out of scale, as the four
Fukushima reactors affected by the accident are together two orders of magnitude larger, in terms
of power output, than the Yongbyon reactor will be.

A wide range of estimates have been published for the “source term” of the Fukushima accident,
that is, for the total releases of radioactive materials to air and water as a result of the accident.
Focusing on Cs-137, these estimates range from 7 to 130 Petabecquerel (PBq)[7] of emissions to the
atmosphere as a result of the accident.[8] The estimates vary with respect to mode of calculation
and the period of emissions included. Within this range, central estimates include those prepared by
ZAMG, at 36 PBq,[9] and Stohl et al (range of 20.1 to 53.1 PBq, with an average of 36.6),[10] both of
which used a period extending a month of more after the original accident. We use 36 PBq as the
Fukushima source term in the comparisons below.

Estimates of the ultimate impact of the Fukushima accident on human health and the environment
vary as well. A 2013 World Health Organization study concluded that “for the general population
inside and outside of Japan, the predicted risks are low and no observable increases in cancer rates
above baseline rates are anticipated”, and that in the most contaminated parts of Fukushima
prefecture, “the estimated increased risks over what would normally be expected” are 4 to 7
percent, with the risk of thyroid cancer increased “up to 70% in females exposed as infants (the
normally expected risk of thyroid cancer in females over lifetime is 0.75% and the additional lifetime
risk assessed for females exposed as infants in the most affected location is 0.50%)”.[11]   A 2012
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Stanford University team “found a range of possible death tolls, from 15 to 1,300, with a best
estimate of 130. A wide span of cancer morbidities was also predicted, anywhere from 24 to 2,500,
with a best estimate of 180”, noting that only 19 percent of the radioactivity released to the
atmosphere in the Fukushima accident was released over land.[12] Other health and environmental
consequences of the Fukushima accident, including contamination of food and water in Japan and of
North Pacific marine life and seafood, have also been noted.[13]

An additional point of comparison for any radiological accident is, of course, the 1987 Chernobyl
reactor accident. Even 15 years after that accident, a United Nations report found that “[v]ery
considerable uncertainty remains over the possible long-term health effects of the accident”.[14]

4.2  ESTIMATED RELEASE OF CS-137 FROM ACCIDENT OR
ATTACK AT YONGBYON LWR
As described in section 3.2, above, we quantitatively explored three different incident scenarios
involving the DPRK LWRs. These scenarios can be summarized as follows:

In the first scenario, which we characterize as "Worst-case Accident" (referred to also as "S1"●

below), the reactor itself is assumed to be highly unlikely to suffer a meltdown due to its small size.
The spent fuel pool is assumed to suffer a loss of coolant, likely by suffering a major rupture.
 

For the second scenario, which we characterized as "Worst-case Attack" (or "S2"), we assume that●

as a result of sabotage of reactor controls/components and/or an explosion that breaches the
containment dome and reactor vessel, sufficient damage is caused that the cladding in the fuel in
the reactor fails, and the cesium in the spent fuel is heated to the point that a portion of it is
released to the atmosphere. In this scenario, the spent fuel pool cooling system also fails and/or
there is a major rupture in the pool (the pool is also targeted by the attackers), leaving it
vulnerable to overheating and eventual rupture of the cladding in the most radioactive fuel
elements.
 

For the final scenario, which we call "Worst-case Attack/Zircaloy cladding" (or "S3"), again, as a●

result of sabotage of reactor controls/components and/or an explosion that breaches the
containment dome and reactor vessel, sufficient damage is caused that the cladding in the fuel in
the reactor fails, and cesium is released to the atmosphere. In addition, in this scenario, the spent
fuel pool cooling system also fails (it is also targeted by the attackers) but, different from S2, in
this case the use of Zircaloy cladding is assumed to have been used by the DPRK, meaning that
coolant loss results in a cladding fire if the pool is dense-packed.
 

These three scenarios, of course, do not begin to exhaust the universe of possible scenarios of
damage and subsequent release of radioactivity that could result from different types of accidents or
attacks on the DPRK LWR. Knowing as little as we do about the ultimate technologies to be used on
the LWR, and with a wide range of different modes possible for a terrorist attack on the plant, we
have chosen what we view to be illustrative “worst-case” scenarios in order to provide an upper
bound possible emissions (the lower bound being zero).

Table 4-1 presents estimated atmospheric emissions of Cs-137 for each of these three scenarios for
incidents occurring at different times after reactor start-up. An accident scenario—and again, there
are many possible scenarios that could be devised—would likely not result in significant emissions
until after the spent fuel pool began to be dense-packed, at a minimum 17 or so years into the
future, and at that point, the assumption of stainless steel cladding would limit emissions of Cs-137
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to about 0.1 PBq, a fraction of a percent of estimated emissions from Fukushima. In the other two
scenarios, an attack on the LWR yields Cs-137 emissions to the atmosphere of about 2 PBq, or about
5-10 percent of total Fukushima emissions, with the exception being an attack on the reactor and
spent fuel pool when the spent fuel pool is dense-racked and if Zircaloy is used as the cladding
material for the reactor fuel. In this worst of worst cases we have explored, emissions would rise to
about 15 PBq, on the order of half of atmospheric emissions from Fukushima as estimated to date.

Table 4‑1: Estimated Cs-137 Emissions to the Atmosphere by Incident Scenario[15]

4.3 ESTIMATED GROUND CONTAMINATION AND INITIAL
EXTERNAL DOSE FROM RADIOLOGICAL RELEASE
Figure 4-1 presents our estimates of ground contamination, at a range of distances from the reactor
site, following the release of radiation from the Yongbyon LWR under the modeling assumptions
presented above, for releases occurring 1, 3, 5, and 15 years after reactor start-up for scenarios 2
and 3. No significant emissions are likely during this period for Scenario 1, again because it involves
only the reactor. Note that the results for years 3, 5, and 15 are quite similar as all involve releases
only from the reactor core, and thus vary only based on the timing of the refueling cycle (with
releases in year 3, in fact, being greater than in year 5). Figures 4-2a through c show the same
result for each of the three scenarios for a release occurring 20 years after reactor start up, at a
time when the spent fuel pool is assumed to be dense-packed, and thus vulnerable to releases of
radioactivity through failure or, when Zircaloy cladding is used, ignition of the cladding and fuel.
Again, however, the assumption that the spent fuel pool would be dense-packed due to rising
inventories of spent fuel may prove incorrect if, as is certainly at this point conceivable, the DPRK
decides to attempt to reprocess some of the spent fuel from the LWR, and/or if some of the spent
fuel is removed for storage elsewhere. Note that the scales on Figures 4-2 a through c are different
from each other, and are different from that in Figure 4-1. As such, the results at any given distance
from the reactor are different in the four figures, with the contamination levels in Figure 4-2a about
5 percent of that in Figure 4-1, the contamination levels in Figure 4-2b similar to those in Figure 4-1,
and the contamination in Figure 4-2c at any given distance about six times as severe as those shown
in Figure 4-1. Figure 4-3 presents estimates of the external dose after deposition for the attack
scenarios 2 and 3 for an incident occurring one to 15 years after reactor start-up, again at a range of
distances from the site of release. The accident scenario (scenario 1) is assumed to yield no
significant emissions, and thus no dose, for an accident occurring up to 15 years after reactor start-
up.

Assuming, based on USEPA recommendations, at 20 mSv (millisievert) threshold for the first year
dose that would trigger abandonment of lands[16], the radius of land area contaminated to a dose
threshold of 20 mSv would be about 3 kilometers, encompassing at least some of the Pu production
facility and related areas at Yongbyon. Note that the threshold that DPRK authorities would use to
trigger abandonment of an area would likely be different, and likely higher, than 20 mSv, but we
could find no reference to an official DPRK threshold value, and thus use the EPA value. Under
attack scenarios 2 and 3, for a release after 3 to 15 years of operation (and after 20 years of
operation in scenario 2), the area contaminated to the 20 mSv dose threshold would be on the order
of 1 square km; a release after one year of operation would contaminate a slightly smaller area. In
scenario 3, increasing the reactor’s time in operation to 20 years, as shown in Figure 4-4, increases
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the contaminated radius under scenario 3 to approximately 20 km, and the contaminated area to
about 40 square km, making the consequences of the release much more serious both near to and
far from the reactor site. The reason for this significant increase in risk is as noted above: the
assumed requirement to move to dense racking in the spent fuel pool used by the LWR could put the
spent fuel, which is assumed in this scenario to have Zircaloy cladding, at risk. In scenario 1, an
accident after 20 years of operation involving the spent fuel pool leads to a limited release of Cs-137,
with an area contaminated to a level of 20 mSv on the order of a few thousand square meters. As
noted, the DPRK’s plans and approach for racking of spent fuel in the LWR pool at Yongbyon is
unknown. If the DPRK builds the LWR with a spent fuel pool that is smaller than we have estimated,
a more serious release could occur in an earlier time frame. If, on the other hand, a bigger spent fuel
pool than we have assumed is built for the DPRK LWR, or fuel is moved out of the pool before dense
racking is needed, the date at which emissions risks related to the spent fuel pool come into play
could be delayed for years or indefinitely.[17] Also, as noted earlier, if this experimental reactor is
shut down (having, presumably, fulfilled its mission as a facility that the DPRK uses to gain
experience in nuclear energy technologies) before the spent fuel pool is dense-racked, the 20-year
outcomes in Figures 4-2a through c would be avoided.

As shown in Figure 4-3, the first-year radiological dose received in the vicinity of the nearest
medium-sized city south of Yonbyon, the city of Anju, would be about 3 mSv per year for releases
occurring 15 years or less after start-up, well below the EPA’s guideline dose for abandonment of
contaminated lands. By way of comparison, these doses are similar in magnitude to those estimated
for the areas closest to (but outside of) the restricted and evacuation areas associated with the
radiological releases from the Fukushima accident.[18]

As indicated above, there is, due to the nature of the methodology used to prepare these results, a
decidedly non-linear relationship between time from the initiation of reactor operation and the time
of the incident causing a release of radioactivity, and the amount of radioactivity released. Our
assumption that a third of the reactor core will be replaced every 1.5 years implies that the Cs-137
inventory in the reactor core during steady-state operation will be at its maximum just before
refueling after 4.5 years and every 1.5 years thereafter, and at its minimum just after refueling (at,
by definition, about two thirds of the maximum value). In the shorter term, after, say, 3 years, the
Cs-137 inventory in the reactor core would be on the order of 50 percent of the maximum (see
Figure 3-2). What this means is that for an accident or state or non-state attack that occurs basically
any time between 3 and 16 years from the initiation of reactor operations, the radiological release
would be on the same order of magnitude as that shown below. After 16 years, however, the
capacity assumed for the spent fuel pool is such that dense racking of the pool becomes necessary,
and as a result, the potential for spent fuel to fail or ignite (depending on the cladding material
assumed) increases markedly.[19] At that point, the participation fraction of the spent fuel pool rises
from zero to 1 (that is, to 100 percent), and the resulting level of release of radioactivity, ground
contamination at any given distance, and dose at any given distance all rise by a factor of about six
in scenario 3 (which assumes Zircaloy cladding), but only slightly in scenario 2 (with stainless steel
cladding).

Figure 4‑1: Ground Contamination Results for Attack Scenarios (2 and 3)
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Figure 4‑2a: Ground Contamination Results for an Incident 20 Years after Reactor Start-up

Figure 4‑3b: Ground Contamination Results for Attack Scenario 2 for an Incident 20 Years after
Reactor Start-up

Figure 4‑4c: Ground Contamination Results for Attack Scenario 3 for an Incident 20 Years after
Reactor Start-up
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Figure 4‑3: Estimated External Dose, Scenarios 2 and 3

Figure 4‑4: Estimated External Dose, Scenario 3, for an Incident 20 Years after Reactor Start-up

4.4 ESTIMATED CUMULATIVE AND COLLECTIVE DOSE
FROM RADIOLOGICAL RELEASE
Following on from Figures 4-3 and 4-4, Figure 4-5 presents the estimated cumulative external dose
from radiation release at Yongbyon under scenarios 2 and 3 at a range of downwind distances from
the site, and over time periods ranging from 1 to 50 years, for a release occurring after 15 years of
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reactor operation. As shown and described above, had we chosen to do this calculation for a release
after only 3 years of reactor operation, the results would have been qualitatively the same—about 16
percent less for each point than we show for an accident at the 15-year mark.   Assuming the
USEPA’s guideline that the cumulative 50-year dose to an exposed individual should not exceed 50
mSv[20], no medium or large cities in the DPRK would be within the cumulative exposure threshold
area for a release not involving the spent fuel pool, though contamination at some smaller cities
closer to Yongbyon could cross the long-term exposure threshold.

Figure 4‑5: Estimated Cumulative Dose, Scenarios 2 and 3

Tables 4-1 through 4-3 present estimates of the excess deaths implied in each of four locations, at
varying distances from the release of radioactivity, for releases after 3, 15, and 20 years of LWR
operation, respectively, and assuming an exposure time of 10 years. These cities are examples of
locations along potential southward downwind emission paths, and thus in interpreting the results in
these tables, three issues must be kept in mind. First, using the wedge angle that we applied, the
cloud of emissions would not, without a very discrete mid-incident shift in the wind, pass over both
Pyongyang and Seoul. As a consequence, the rows in these tables cannot be summed to an overall
value. A larger wedge angle could be used in the analysis, implying southerly winds that shift back
and forth over time, but using a wedge angle that was, for instance, doubled (implying radioactivity
would be dispersed over a wider area) would imply Cs-137 deposition and related results one-
quarter of those shown. Second, the example cities listed are only some of the possible population
centers along any given southerly downwind path, thus the sum of the impacts of listed cities
that are within a given wedge angle from the Yongbyon source is not the sum of all of the affected
individuals or impacts within the arc modeled. Third, though some general wind directions at
specific times of year are more probable than others, many wind directions are possible at the
specific time of an incident, meaning that the probability of any given city, particularly one far from
Yongbyon, being affected may be small. Each calculation assumes an exposure time of ten years.

As noted above, this calculation assumes that a linear dose-response relationship between excess
deaths from solid cancers and radiation dose can be extrapolated linearly to zero for both dose and
effect. As Tables 4-1 through Table 4-3 include only selected population centers between Yongbyon
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and Seoul (and beyond), the indication is that on the order of several hundred early cancer deaths
might arise as a result of the radiation released from an accident at or non-state attack on Yongbyon
for releases occurring between 3 and 15 years after start-up, rising to on the order of perhaps a few
thousand for a release 20 years after start-up.   It should be stressed that in this context “early” may
mean death occurs just minutes earlier than it might have in the absence of the additional radiation,
and thus essentially indiscernible from deaths caused by background radiation. If, rather than using
a no-threshold dose-response relationship, we count those individuals receiving a dose greater than
approximately the USEPA’s guideline (that a cumulative 50-year dose to an exposed individual
should not exceed 50 mSv), the number of early cancer deaths falls to a few hundred for radiation
releases between 3 and 15 years after start-up, with the number of people exposed to doses of that
level on the order of a few hundred thousand.[21]

In the very worst case, for a radiation release at 20 years after start-up and for scenario 3, which
includes substantial emissions from the spent fuel pool because it assumes a Zircaloy cladding fire,
neglecting those exposed to a dose less than 50 mSv suggests early cancer deaths numbering in
perhaps the low thousands out of a population of a million or so exposed beyond the EPA’s
guidelines. In both cases, all of those individuals would be in the DPRK.

Table 4‑1: Calculation of Collective Dose at Selected Locations along Southward Deposition Paths
from Yongbyon for Release 3 years after Reactor Start-up, Attack Scenarios 2 and 3

Table 4‑2: Calculation of Collective Dose at Selected Locations along the Southward Deposition Path
from Yongbyon for Release 15 years after Reactor Start-up, Attack Scenarios 2 and 3

Table 4‑3: Calculation of Collective Dose at Selected Locations along the Southward Deposition Path
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from Yongbyon for Release 20 years after Reactor Start-up, Attack Scenarios 3

4.5  ECONOMIC DAMAGES
Several types of economic damages could arise due to the release of radioactivity following an
accident or attack on and LWR.   These include:

Economic damages related to premature human deaths due to the effects of radiation exposure;●

 

Direct economic impacts related to the loss of generating capacity in the DPRK due to the impacts●

of the accident or attack on the reactor (that is, to the loss of the reactor as a functional asset);
 

Direct economic impacts related to the need to clean up the reactor site following an accident or●

attack;
 

Economic damages related to the loss of use of areas (including the farms, homes, mines, and●

other assets in those areas) downwind of the reactor that are contaminated past a threshold of
tolerance by radioactive materials as a result of the accident or attack, and/or the costs of
decontaminating those areas sufficiently that they can be used again.
 

These types of damages are discussed below.

Damages Related to Premature Human Deaths

There is a substantial literature related to the valuation of premature human deaths—essentially, the
valuation of a human life.[22]   That literature applies a variety of valuation approaches and
produces a wide range of results, including results varying by several orders of magnitude between
countries. Below (Tables 4-4 through 4-6) we present estimates of the value of the premature deaths
indicated in Tables 4-1 through 4-3 based on two estimates of the “value of a statistical life”
compiled in a review of a number of studies, one of which is for the United States (about $10 million
per person in 2012 dollars) and one of which is for the ROK (about $1.1 million per person).[23]
Applying these estimates—and remembering that these calculations include both the extrapolation
of the calculation of excess deaths to very low doses of radioactivity and the application of the value
of a statistical life, each of which involves assumptions about which there is considerable
debate—yields values in the range of $1 to perhaps $15 to 20 billion for events before 16 years after
reactor start-up, and perhaps $10 to $100 billion for events after that point, for loss of life caused by
a radiological release from the Yongbyon LWR, in both cases roughly factoring in population areas
that the plume of material released will encounter that are not included explicitly in Tables 4-4
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through 4-6. Note, however, that the range of values per excess death that has been used here is
adopted with no attempt to adapt it to DPRK conditions or practices, although the bulk of early
cancer deaths would occur in the DPRK. Attempting to estimate such a parameter for the DPRK is
beyond the scope of this paper. In addition, when and if the point is reached where (non-DPRK)
policymakers are called upon to develop and implement approaches to engagement with the DPRK
based, in part, on radiological risk, it seems reasonable to assume that those policymakers will be
obliged to weigh the lives of all Koreans equally.

Conversely, considering only those individuals exposed to cumulative doses higher than the EPA’s
guidelines based on the dose threshold response hypothesis reduces these estimates of excess death
by a factor of about 3 for releases up to 16 years after reactor start-up, and a factor of about 2 after
that point.

It is important for readers to keep in mind that the range of excess deaths and value thereof is
enormous in this sensitivity analysis due to the combination in the calculations of high-low dose
response assumptions with high-low estimated values of excess deaths. As we noted above, these
possible impacts in the DPRK itself should be evaluated in the context of other energy-related public
health impacts from coal mining and use, especially residential coal and wood use including, in some
cases, carbon monoxide poisoning and particulate inhalation from use of traditional “ondol” Korean
home cooking-heating systems and other coal and biomass-fired cooking and heating devices.
Although good data for DPRK public health are notoriously scarce,[24] we believe that these energy-
related health impacts are relatively much larger than those associated with the operation of a small
LWR in the DPRK, or the radiologically-induced health impacts in the case of a hypothetical accident
at or attack on the DPRK’s small LWR.

Damages Related to Loss of Generating Capacity in the DPRK

An accident at or attack on the Yongbyon LWR would in all likelihood render the reactor (and
probably much of the site around it) unusable. Replacement of the capacity of the LWR with fossil-
fueled or hydroelectric power would likely involve on the order of $30 to $70 million in capital costs,
and an additional $6 to $8 million annually in fuel costs if the generators are fueled with coal—costs
would be perhaps 2 to 3 times higher if replacement fuel is oil or gas.

Damages Related to Required Clean-up of the Reactor Site

We do not know if the DPRK’s nuclear law contains an indemnity provision related to Table 4‑4
Calculation of the Value of Excess Deaths at Selected Locations along the Southward Deposition
Path from Yongbyon for Release 3 Years after Start-up, Attack Scenarios 2 and 3

Table 4‑5: Calculation of the Value of Excess Deaths at Selected Locations along the Southward
Deposition Path from Yongbyon for Release 15 Years after Start-up, Attack Scenarios 2 and 3
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Table 4‑6: Calculation of the Value of Excess Deaths at Selected Locations along the Southward
Deposition Path from Yongbyon for Release 20 Years after Start-up, Attack Scenario 3

damages resulting from the operation of (or accident at) nuclear facilities in the DPRK. Wherever the
liability lies, a clean-up of some sort (whether extensive enough to provide the opportunity for re-use
or simply sufficient to stabilize facilities for long-term isolation) will be required. This clean-up will
likely cost on the order of $100 million, perhaps more, given experience in other countries. It seems
likely that the ROK would ultimately end up paying the bill for this effort following eventual
reunification.
Damages Related to Loss of Use in Areas Affected by the Plume

Areas contaminated by radiation past an acceptable level will need to be either abandoned or
decontaminated up before they can be reused. Given the many complexities involved in the
calculation of related damages (what does the DPRK consider an acceptable radiation threshold?
What land values should be ascribed to assets downwind? Exactly what assets are downwind near
the site?), we do not attempt to estimate a value for this loss-of-use. It seems likely that the DPRK’s
tolerance for contamination might be higher, perhaps far higher, than that in the US or ROK, in part
because, it has been suggested, the DPRK sees itself at war, and thus may view risks of radiological
exposure to its citizens that would seem excessive elsewhere as acceptable under the circumstances.
One facility that will likely need to be abandoned—the plutonium production facility at
Yongbyon—poses an interesting case, as it may actually have a very high implicit value to the DPRK,
whereas the ROK would consider the forced abandonment of the facility a significant benefit. At any
rate, as with clean-up of the reactor site itself, it will likely be the ROK that will need to determine
either the degree to which contaminated lands must be quarantined or invest in cleaning them up.

4.6 IMPACTS OF AN INCIDENT DURING A PERIOD OF
WINDS FROM THE SOUTH
In the previous paragraphs we have focused on an incident that takes place during a time when
prevailing winds near Yongbyon are from north to south, as is typical in the winter. We have done so
largely to limit the required scope of the quantitative and qualitative analysis. Looking North from
Yongbyon, however, in the direction of winds that prevail on the peninsula in the summer, there are
a number of fairly large cities to the North and Northwest in China—Shenyang, Liaoyang, Benxi, and
Tonghua, for example—but most are as distant from Yongbyon as Seoul, and much farther away than
Pyongyang. The Russian cities of Vladivostok and Nakhodka, to the Northeast, are even further
away. Although there are a number of significant cultural (for example, Mount Paektu) and
environmental (for example, key avian flyways) resources located to the North of Yongbyon, areas of
high population density, and (probably) of high economic importance are generally further away
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than toward the South. This is not to say that the prospect of an atmospheric release of radioactivity
heading north from Yongbyon should be ignored—an in fact the political consequences of same are
somewhat unpredictable—just that a full consideration of such an event is beyond the scope of this
paper.

V. INTERPRETATION OF RESULTS
The calculations described above—again, only rough estimates of what the radiological implications
of an incident at the LWR being constructed by the DPRK at Yongbyon, indicate that there would be
likely be a relatively small radiological impact away from the reactor site in the event of
an accident at the plant, due mostly to the fact that a reactor as small at that at Yongbyon would be
self-cooling in the event of an accident.  A concerted attack on the reactor and spent fuel pool by
terrorists could lead to a much more significant radiological release, but there would still be
relatively modest radiological impacts away from immediate area of the reactor, due in part to the
small size of the reactor, even if some of the cesuium-137 in the spent fuel pool adjacent to the
reactor were released during the event.  Even adding to an already worst-case attack scenario the
assumption that Zircaloy cladding is used for the reactor fuel, rather than stainless steel (the latter
seems the more likely choice for the DPRK at present), only after about 17 years of operation would
an attack scenario lead to radiological impacts even approaching those of the atmospheric releases
of Cs-137 currently estimated to have resulted from the Fukushima Dai-ichi accident.

These estimates notwithstanding, it is arguably the case that the truly significant results of an event
resulting in the release of a significant portion of the radiation inventory from the Yongbyon reactor
would be the social and political impact in the Republic of Korea once the general public learns of
the release. The emotional impact on the ROK public of the news of an oncoming cloud of radiation,
no matter how diffuse, is not to be underestimated, and might well even result in more economic
dislocation than the direct impacts of the radiation release could ever have. We would suggest that
one likely impact of a radiological release from Yongbyon, particularly if caused by a terrorist attack,
would be a re-focusing by the South Korean public on the future of nuclear power and related
nuclear fuel-cycle related activities in the ROK. Where this renewed scrutiny would lead is hard to
say—possibilities include increased security at nuclear facilities, including an emphasis on securing
spent fuel, reconsideration of the current emphasis on the part of the ROK nuclear industry on a
future including the development and use of pyroprocessing and fast reactors,[1] and/or
reconsideration of the future of nuclear power in general, as has occurred (and is ongoing) as a
result of the Fukushima accident.

As such, there are good reasons for the ROK and others to seek to reduce radiological risks, both
real and perceived, though engagement of the DPRK on its LWR project in order to improve the
reactor’s safety systems at the outset.  We have previously written about options for engaging the
DPRK on LWR and related technologies[2], including among other options, education of DPRK
nuclear experts in international standards for reactor safety, jointly designing with North Korea a
made-in-DPRK small reactor that meets international safety and manufacturing standards, possibly
in a joint project with ROK LWR manufacturing firms, and undertaking a program of power system
planning for the rational development of a DPRK national grid capable of supporting a fleet of small
LWRs over time.

As precursors to (or as a part of initial steps in) such an engagement, the international community
(and the ROK) will need to improve its understanding of DPRK’s existing plans for the Yongbyon
reactor (to the extent possible), and revise analyses like the one above accordingly, undertake a
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deeper review of the technical options to reduce risk, and of the available engagement options that
could contribute toward eventual implementation of technical and non-technical risk reduction
strategies, and try to understand and develop opportunities for engaging both the ROK and DPRK on
the issue of radiological risk.

Finally, the radiological risk arising from an incident the DPRK’s small LWR should not be
overstated, but it also should not be neglected. Should an accident occur at this LWR, the
consequences would not be zero, though they seem unlikely to have much of an effect beyond the
immediate area of Yongbyon. Impacts resulting from an attack, including a non-state attack using
explosives, internal sabotage of the plant, or a combination, could, under admittedly worst-case
conditions, be substantial, in terms of health impacts and damages to property. These impacts,
however, are highly uncertain, and will remain so even after such an event due to the unresolved
issue of dose-response threshold assumptions made to determine the excess deaths resulting from
low-level radiation exposure. Thus, the primary predictable impacts of a radiological release from
the DPRK’s LWR will be psychological in terms of downwind perceptions and anxiety on the part of
exposed or potentially exposed populations; and political, in terms of the policies adopted in
anticipation or as a result of such an event.

In this regard, the DPRK’s leaders may believe that they obtain political leverage from the likely
unsafe status of their small LWR, and that this lever may enable them to force open a crack in the
closed door of US and ROK policy on nuclear weapons-related issues. We do not, however, view this
possible rationale, if it exists, as the primary motivation for the DPRK building a small LWR.  Nor do
we view the construction of the DPRK’s small LWR as solely driven to produce electric power,
although with sufficient grid support, this reactor is scaled more realistically with respect to the size
of the DPRK power grid than were the KEDO reactors, as the latter could never have operated while
connected directly to the DPRK national grid  Further, we do not believe that the small LWR is
particularly useful for the DPRK’s nuclear weapons program; the DPRK has other, easier ways to
produce weapons-grade plutonium (which it has already embarked upon by restarting the 5 MWe
graphite-moderated reactor, and reportedly by accelerating its uranium enrichment program).

Rather, our appraisal is that the DPRK undertook this project at least in part in order to offset the
loss of the KEDO LWRs that were to have been built under the original 1994 Agreed Framework
between the US (and its allies) and the DPRK. The completion and operation of the KEDO LWRs
would have, in the eyes of the DPRK leadership, brought the DPRK to co-equal status with other
regional powers in terms of a complete nuclear fuel cycle—that is, the DPRK’s small LWR is a
symbolic project aimed at embodying the perceived prestige of the DPRK state in the eyes of its own
population and third parties, in accordance with the juche principle of self-reliance, and in response
to the slight of the United States in cancelling the KEDO project, as well as to fulfill the leadership’s
long-standing commitment to build a nuclear reactor, a goal dating back the early 1980s. In that
context, building this small LWR can be seen, from a DPRK perspective, as a logical first step
designed to gain the experience necessary to launch a fleet of small, domestically-built reactors
aimed at helping to address the DPRK’s electricity shortage. This logic notwithstanding, the
potential utility of the small LWR as a negotiating item should the parties to the Korean conflict
return to talks, cannot have escaped the attention of the DPRK’s leadership. However, this study
suggests that the DPRK does not gain much leverage by posing a reactor safety hazard, even if its
leaders were to think that is the case.
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VI. CONCLUSIONS: POSSIBLE APPROACHES TO MITIGATE
RADIOLOGICAL RISKS, WHILE GRASPING ENGAGEMENT
OPPORTUNITIES
On balance, we conclude that it is timely for the ROK, the United States, China, Japan, and
Russia—all potentially affected states—to engage the DPRK on the issue of nuclear reactor safety,
irrespective of the nuclear weapons issue, although we acknowledge that the likelihood of
engagement is very slim in the absence of any steps by the DPRK to address concerns about its
nuclear weapons program.

There are precedents (United States with Pakistan and India) for providing assistance on nuclear
power safety issues to nuclear-armed states outside of the NPT, possibly using the US Nuclear
Regulatory Commission as the point of a-political contact, and it is possible to do so without assisting
the DPRK’ s nuclear weapons program in any material manner. Technical discussions with regard to
safety measures such as, for example, filtered vents for the LWR containment, as are being installed
in Japan, or increasing the size of the spent fuel pool, could be entered into with little risk, and could
lead to engagement on other issues.

Also, a trilateral framework already exists for such discussions that could be expanded to include the
DPRK.  At their May 22, 2011 summit, Japanese Prime Minister Naoto Kan, Chinese Premier Wen
Jiabao and ROK President Lee Myung-bak committed each country to help each other "especially at
times of disaster and adversity” and to increase cooperation on nuclear safety.They also "agreed to
facilitate joint programs on renewable energy and energy conservation to avoid excessive
dependence on nuclear power"[1].

In fact, the top nuclear regulators of China, Japan, and the ROK have met annually since 2008 under
the rubric of disaster response.[2]  The inaugural statement committed the three regulators “to
discuss the exchange of useful information for common issues and technologies related to nuclear
safety improvements, and to improve and strengthen nuclear safety cooperation in Northeast
Asia.”[3]  The May 22, 2011 summit was followed by the 4th Top Regulators meeting on November
29, 2011.  (The text of this declaration is provided below in Attachment 1).China, South Korea and
Japan established a framework in which to quickly exchange information in a nuclear emergency at a
December 4, 2013 meeting in China.[4]  As a potentially downwind as well as upwind state, the
DPRK should be considered as a possible participant in this framework.

As Sharon Squassoni has outlined, a process of discussions with the DPRK on the topic of its LWR
could begin with mere talks about nuclear safety, best practice, and information sharing on accident
pathways and impacts analysis. The IAEA could send safety missions; and states (especially China
and Russia) could host bilateral nuclear reactor safety study tours and trainings. The DPRK could be
briefed about the need for it to sign and ratify the Convention on Nuclear Safety, the Code of
Conduct on Safety of Research Reactors, and the Code of Conduct on the Safety and Security of
Radioactive Sources, and supplementary Guidance on the Import and Export of Radioactive Sources.
It could also be briefed on the need for the DPRK to file a national report on its actions to implement
UNSC Resolution 1540 on controlling non-state actors in relation to smuggling nuclear materials
and dual use commodities and knowledge, and trainings could be offered to the DPRK either
bilaterally or in a regional context at the new Chinese regional center of excellence on nuclear
security.

The DPRK’s small LWR may also hold the political key to unlocking the uranium enrichment
safeguards barrier to a denuclearization of the DPRK. The small LWR will use low enriched uranium,
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presumably obtained from the DPRK’s uranium enrichment plants, and fabricated into fuel rods as
explained above. One possible formula is for the DPRK and the ROK to cooperate in replacing the
small LWR at Yongbyon with a jointly built “reunification reactor” based on the ROK 90 MWe
SMART reactor design,[10] as we suggested in 2010.[11]  In turn, this approach would be the
political and technical basis for it to be logical for the DPRK to enter into an enrichment consortium
such as that proposed by the ROK in relation to the renewal of its 123 Agreement with the United
States. The quid pro quo for such a deal would be the verified dismantlement of the DPRK’s
enrichment facilities, preceded by a prior declaration of the location and details of such facilities,
supplemented by an acceptable level of inspections in the DPRK in a regional context.

In this regard, we suggest that a regional nuclear weapons-free zone is likely to provide the right,
enduring regional institutional framework for such cooperation on nuclear fuel cycle issues,
including the DPRK small LWR program and other related issues.[12]

VII. ATTACHMENT 1:  NORTHEAST ASIAN NUCLEAR
SAFETY MEETINGS
Cooperative Nuclear Safety Initiative of Japan, The People’s Republic of China, and The
Republic of Korea[1]  Based on the Summit Declaration of Japan, the People’s Republic of China,
and the Republic of Korea on May 22, 2011, where the leaders of three countries confirmed the
commitment to strengthening cooperation in the field of nuclear safety, we, the top nuclear safety
regulators of the three countries, confirmed to take the trilateral initiative on nuclear safety as
follows: 1. Cooperative Framework -  To make the Top Regulators’ Meeting (hereinafter referred to
as TRM) as a practical and tangible framework of cooperation; -  To establish working groups on
specific fields of common interests as agreed by consensus; 2. Harmonized Approach -  To develop a
harmonized approach to nuclear safety and regulation within the three countries, with reference to
the IAEA safety standards where appropriate; -  To promote exchange of experience and learning
from best practices of each country; 3. Cooperative Leadership in Regional and International
Cooperation -  To maintain a network of nuclear safety regulators in Northeast Asia and
promoting international cooperation in the Asian region; -  To enhance the effective implementation
of international conventions as well as bilateral arrangements on nuclear safety; 4. Action Items -  To
implement the action items decided by consensus among the three countries and included in the
Annex of this initiative; -  To review the action items on a regular basis to check the status of
implementation and to amend when agreed also by consensus;

VIII. ANNEX 
List of Action Items 1. Revising the existing MoC (Memorandum of Cooperation for TRM)
and preparing ToR (Terms of Reference) to establish a practical and tangible framework of
cooperation; 2. Establishing an information exchange framework to actively share experiences of
construction and operation including lessons learned from the accident at the TEPCO Fukushima
Dai-ichi Nuclear Power Station; 3. Enhancing cooperation in regulatory responses to external events
and severe accident management; 4. Enhancing cooperation in establishing and strengthening an
effective, independent and authorized regulatory framework while securing appropriate expertise
and promoting an effective nuclear safety culture; 5. Promoting international nuclear safety
cooperation encompassing the whole of the Asian region utilizing existing regional activities
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and enhancing the effective implementation of international conventions such as the Convention on
Nuclear Safety, as well as bilateral arrangements on nuclear safety; 6. Developing a harmonized
approach to nuclear safety and regulation in a manner consistent with the IAEA safety standards; 7.
Maintaining high level of emergency preparedness and response capacity to mitigate the effect of
nuclear accidents and enhancing cooperation in capacity building in emergency response; 8.
Enhancing cooperation on research and development of nuclear safety technology; 9.
Acknowledging importance of transparency of information in case of nuclear incident and enhancing
cooperation in public relations; 10. Encouraging cooperation among TSOs.
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