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Dur ing the trans por ta tion of spent nu clear fu els, the po ten tial re lease of the ra dio ac tive ma te -
ri als into the at mo sphere in the case of an ac ci dent be comes a se ri ous threat to pub lic health
and the en vi ron ment. In China, a com mer cial re pro cess ing plant is planned to be com mis -
sioned around 2025 based on the China nu clear roadmap. Af ter be ing cooled on site the spent 
nu clear fu els are trans ported to the re pro cess ing plant by train or truck. This re quires the as -
sess ment of ra dio log i cal con se quences of such ac ci dents dur ing trans por ta tion, there fore
dose cal cu la tions un der hy po thet i cal ac ci dent con di tions have been pre sented in this pa per.
The to tal ef fec tive dose equiv a lent and ground de po si tion are cal cu lated us ing the HotSpot
health phys ics com puter code with site-spe cific me te o ro log i cal con di tions. The re sults in di -
cate that the to tal ef fec tive dose equiv a lent and ground de po si tion are both de creased with the 
in crease of the down wind dis tance. The max i mum of the to tal ef fec tive dose equiv a lent is
about 1.4×101 Sv, which is larger than the reg u la tion limit for the pub lic. The TEDE coun ter
plot shows that the in ner re gions marked with dose con tours of 1.0×10–3 Sv are higher than
the reg u la tion lim its for the pub lic, how ever this needs no in ter ven tion but any un nec es sary
trip to this area should be avoided.
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IN TRO DUC TION

The pri mary risk that nu clear power plants
(NPP) pres ent to pub lic safety is due to the enor mous
amount of ra dio ac tive ma te rial re leased dur ing ac ci -
dents. Spent nu clear fuel (SNF) is de fined as ura -
nium-bear ing fuel el e ments which have been used at
com mer cial nu clear power plants and ought to be re -
moved, ow ing to the in suf fi ciency of these el e ments to
gen er ate am ple en ergy to sus tain a nu clear chain re ac -
tion. Even af ter re moval of spent fuel as sem blies from
the re ac tor core, dis si pa tion of heat and emis sion of ra -
di a tions could not be ig nored. The SNF is usu ally 
stored in spent fuel pools at NPP for cool ing for sev -
eral years. As the spent fuel pools ca pac ity at re ac tors
ap proaches its limit or SNF that will be re pro cessed,
the SNF are usu ally shipped to com mer cial re pro cess -
ing fa cil i ties or a nu clear waste re pos i tory. Whether
SNF will be re pro cessed or dis posed, they will be
trans ported to an other lo ca tion. A safety stan dard has
been men tioned in guide lines is sued by the In ter na -

tional Atomic En ergy Agency (IAEA) to en sure the
safe trans por ta tion of ra dio ac tive ma te rial [1]. 

Spent nu clear fuel con sists of radionuclides
vary ing in their mass and ac tiv ity, their char ac ter is tics
de pend on the type of re ac tor, burn up, fuel en rich ment 
and cool ing time and so forth. There fore, to avoid the
re lease of these ra dio ac tive ma te ri als, the trans por ta -
tion pro cess of SNF should be strictly con trolled.

How ever, in the case of a se vere SNF trans por ta -
tion ac ci dent, spent fuel rods can be dam aged re sult ing
in ex po sure to ra di a tion, caus ing se vere health haz ards
to the pub lic. There fore, the IAEA has put forth safety
stan dards and reg u la tions to min i mize the risk of ac ci -
dents as so ci ated with trans por ta tion of these ra dio ac -
tive fuel el e ments. Ac cord ing to the NUREG-0170, the
ra dio ac tive re leases per cent ages of ac ci dents as so ci ated 
with truck ship ment is found to be 9 % while an as so ci -
ated per cent age of 20 % ex ists for rail ship ment [2]. The 
ra dio log i cal dose cal cu la tion and con se quences as sess -
ment for pos si ble radionuclides re lease dur ing a hy po -
thet i cal ac ci dent is very im por tant as far as hu man
health and safety are con cerned [3-6]. 

B. Cao, et al.: Ra dio log i cal Con se quences As sess ment of a Hy po thet i cal ...
94 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 1, pp. 94-101

* Cor re spond ing au thor; e-mail: caobo@ncepu.edu.cn



The HotSpot Health Phys ics code, based on a
Gaussi an plume model (GPM), is used for ra di a tion
dose cal cu la tion and con se quence as sess ment. The
HotSpot code was es tab lished by the Law rence
Livermore Na tional Lab o ra tory (LLNL) to pro vide
emer gency re sponse per son nel with a fast, field-por ta -
ble cal cu la tion tool for eval u at ing ac ci dents in volv ing
ra dio ac tive ma te ri als which has been suc cess fully ap -
plied in var i ous ra dio log i cal con se quences eval u a -
tions [3-9].  

In this study, the ra di a tion dose cal cu la tions and
ra dio log i cal con se quences of a hy po thet i cal se vere ac -
ci dent dur ing SNF trans por ta tion have been per -
formed by us ing the HotSpot code 3.03 [10]. The to tal
ef fec tive dose equiv a lent (TEDE) and the ground de -
po si tion are cal cu lated and dis cussed with vary ing cli -
mate con di tions, to an a lyze ra dio log i cal con se quence
as sess ment of SNF trans por ta tion.  

MA TE RI ALS AND METH ODS

Site-spe cific con di tions of SNF
trans por ta tion

The Chi nese re pro cess ing fa cil i ties will be
placed in the Gansu Prov ince, lo cated in the north west
of China. Ac cord ing to the China nu clear en ergy
roadmap, re pro cess ing fa cil i ties will be built and com -
mis sioned in about 2025. The con sid ered re gion has an 
arid con ti nen tal cli mate pos sess ing sig nif i cant an nual
vari a tion in tem per a ture in dif fer ent sea sons,  and the
rate of evap o ra tion is larger than the pre cip i ta tion. Ac -
cord ing to the me te o ro log i cal con di tions on the site,
the pre dom i nant wind di rec tion is north-north- west
(NNW), which oc curs for 50 % of the to tal time. The
Pasquill sta bil ity class D is pre dom i nant with the an -
nual av er age wind speed of 5 ms–1 for NNW.

Source term and ac ci den tal
re lease sce nario

In China, the closed nu clear fuel cy cle pol icy is
the only choice for the sus tain able de vel op ment of nu -
clear en ergy. The com mer cial re pro cess ing plant is
planned to be put into op er a tion around 2025 based on
the China nu clear en ergy roadmap. Now, the SNF are
usu ally cooled in a spent fuel pool on site of NPP. Af ter 
that, they will be trans ported to a com mer cial re pro -
cess ing plant by train or truck. Ow ing to the as so ci ated
risk, ra dio ac tive ma te ri als may be re leased into the en -
vi ron ment if a se vere SNF trans por ta tion ac ci dent
hap pens. The ac ci dent source term can be ob tained
from the spent fuel in ven tory cooled three years and
the re lease frac tion of dif fer ent radionuclides. The
trans por ta tion cask by rail is as sumed to carry 26 pres -
sur ized wa ter re ac tor (PWR) as sem blies, and for this
case, it is sup posed that one of the PWR as sem blies has 
been dam aged re sult ing in ra dio ac tiv ity re lease af ter
the ac ci dent. The spent fuel in ven tory can be cal cu -
lated by the burnup code ORIGEN-2 [11].  The main
radionuclides are clas si fied into five re lease groups,
in ert gas, cae sium, ru the nium, particulates, and Chalk
River Un iden ti fied De pos its (CRUD). The re lease
frac tions ap plied to the cal cu lated ac ci dent re lease ac -
tiv ity as hav ing val ues of 1, 0.33, 0.00002, 0.000027
and 0.0066 for CRUD, in ert gas, particulates, ru the -
nium and cae sium re spec tively [12-15]. The ac ci dent
source term for SNF trans por ta tion is shown in tab. 1.  

The pro gram's sta bil ity class D is pre dom i nant
jus ti fy ing its use in this study. Nev er the less, other at -
mo spheric sta bil ity classes are con sid ered in this
study. The stan dard value for mix ing layer height
(1300 m) and the de fault value of re cep tor height 1.7 m 
is used for the cal cu la tion, as the re cep tor height has a
sig nif i cant ef fect on TEDE. The ac ci den tal re lease
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Ta ble 1. Ac ci dent source term for SNF trans por ta tion

Radionuclide Group SNF cool ing 3 years Re lease frac tion Ac tiv ity re leased [Bq]

Fe-55 CRUD 3.51×1013 1 3.51×1013

Co-60 CRUD 2.05×1015 1 2.05×1015

Kr-85 In ert gas 1.38×1015 0.33 4.55×1014

Sr-90 Particulates 1.12×1016 0.00002 2.25×1011

Y-90 Particulates 1.12×1016 0.00002 2.25×1011

Pu-238 Particulates 1.05×1015 0.00002 2.09×1010

Pu-239 Particulates 2.36×1013 0.00002 4.73×108

Pu-240 Particulates 5.24×1013 0.00002 1.05×109

Pu-241 Particulates 1.27×1016 0.00002 2.54×1011

Cm-242 Particulates 8.34×1013 0.00002 1.67×109

Cm-244 Particulates 8.11×1015 0.00002 1.62×1011

Ru-106 Ru the nium 2.49×1016 0.000027 6.73×1011

Cs-134 Ce sium 2.59×1016 0.0066 1.71×1014

Cs-137 Ce sium 2.20×1016 0.0066 1.45×1014



height was as sumed at 1.1 m, buoy ancy and exit mo -
men tum ef fects were ne glected. The radionuclide ac -
tiv ity re leased into the at mo sphere en vi ron ment is im -
me di ately picked up by the wind and trans ported
down wind ac cord ing to the site me te o rol ogy. The an -
nual av er age wind speed at 10 m is 5 ms–1 in the pre -
dom i nant di rec tion of NNW, and the breath ing rate is
taken to be 3.33×10–4 m3s–1 for an av er age hu man be -
ing un der con di tions of ex er cise [9].  Wind speed and
rain fall rates are also con sid ered in this study. 

Ra di a tion dose cal cu la tions

Ow ing to plume pas sage, TEDE was com puted by
the ad di tion of both an ef fec tive dose equiv a lent (EDE)
and the to tal com mit ted ef fec tive dose equiv a lent
(CEDE). The EDE was due to the ex ter nal ma te rial in -
clud ing sub mer sion, ground shine and resuspension, 
whereas CEDE was a re sult of in ter nal ma te rial like in ha -
la tion. CEDE was per formed by mul ti ply ing the in te -
grated radionuclide con cen tra tion, c, with an ap pro pri ate 
dose con ver sion fac tor (DCF), breath ing rate (BR), and
tis sues weight ing fac tors, WT. A sum ma tion is pro vided
of all the radionuclides
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where DCF and WT are se lected from the Hotspot li -
brary. The de fault re lease du ra tion of ra dio ac tive ma te -
rial which is 10 min utes was ap plied in our cal cu la tion.

RE SULTS AND DISCUSSION

In flu ence of dif fer ent at mo spheric
sta bil ity classes

The TEDE and ground de po si tion dis tri bu tion
re sult ing from ac ci den tal re lease with dif fer ent at mo -

spheric sta bil ity are cal cu lated. There are six dif fer ent
at mo spheric sta bil ity cat e go ries used in HotSpot,
vary ing from A (ex tremely un sta ble), B (mod er ately
un sta ble), C (slightly un sta ble), D (neu tral), E (slightly 
sta ble), and F (mod er ately sta ble). The av er age wind
speed of 5 ms is cho sen in this anal y sis, with the as -
sump tion of no rain. The curve of TEDE and ground
de po si tion dis tri bu tion with dif fer ent down wind dis -
tance un der dif fer ent at mo spheric sta bil ity are shown
in figs. 1 and 2, re spec tively. 

It has been shown in figs. 1 and 2 that the TEDE
and ground de po si tion de creased with the in creas ing
of the down wind dis tance and the TEDE of at mo -
spheric sta bil ity A is smaller com pared with oth ers.
The ver ti cal dis per sion of ra dio ac tive aero sols also in -
creases with an in crease in the in sta bil ity of at mo -
sphere, which re duces the con cen tra tions de pos ited at
a par tic u lar po si tion. As the at mo sphere be comes
stabler, the ra di a tion dose tends to in crease grad u ally.
The ra di a tion dose reaches its high est value for the at -
mo spheric sta bil ity which is E and F. It seems strange
that the TEDE and ground de po si tion of E sta bil ity are
greater than F sta bil ity at the end of the curve. The rea -
son is that the worst-case sta bil ity at large down wind
dis tances is not al ways as so ci ated with the great est sta -
bil ity due to the plume de ple tion ef fects, as the plume
con cen tra tion de creases at a faster rate with in creas ing
sta bil ity class (A-F) and in creas ing de po si tion ve loc -
ity. The E sta bil ity could re sult in a higher lo cal con -
cen tra tion than F at a spe cific lo ca tion due to LESS
plume de ple tion as so ci ated with E sta bil ity [13].

The TEDE of sta bil ity class E is about 39 times
the TEDE of class A at about 400 m down wind, with
the in crease of the down wind dis tance, which is about
82 times at 6 km. The more un sta ble the at mo sphere,
the more ob vi ous the di lu tion of the ra dio ac tive aero -
sol, the more sta ble the at mo sphere, the more se ri ous
the ra di a tion harm caused. The max i mum TEDE of D
sta bil ity is about 1.4×101 Sv, which is larger than the
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Fig ure 1. The TEDE as a func tion of
down wind dis tance in dif fer ent sta bil ity 
classes



max i mum pub lic dose limit. When the down wind dis -
tance is about 8 km, the TEDE is grad u ally be low the
an nual reg u la tory lim its of 1mSv for the pub lic as set
in the IAEA Ra di a tion Pro tec tion and Safety of Ra di a -
tion Sources: In ter na tional Ba sic Safety Stan dards,
GSR Part 3.

In flu ence of dif fer ent wind speeds

The wind speeds at ground height of 10 me ters
are cho sen for study ing the ef fects of dif fer ent wind
speeds on TEDE and ground de po si tion. In this cal cu -
la tion, the at mo spheric sta bil ity cat e gory is D (neu -
tral), and the rain fall rate is 0 mmh–1. The TEDE and
ground de po si tion re sults un der seven dif fer ent wind
speeds (0.1, 1, 2, 3, 5, 7, 9 ms–1) are shown in figs. 3
and 4, re spec tively.

The TEDE and ground de po si tion both  de -
creased with the in crease of wind speed in nor mal
weather con di tions. It is very ob vi ous that the TEDE

and ground de po si tion of 0.1 ms–1 wind speed is larg -
est ex cept the dis tance larger than 2 km, and there is a
sharp de crease for the curve of 0.1 ms–1. The 10 m
hight wind speeds of 0.1 ms–1 are very close to calm
wind con di tions, which is not con du cive to the
radionuclides dif fu sion and di lu tion. By com par i son at 
about 200 m down wind, the TEDE and ground de po si -
tion of 1 ms–1 wind speed, are about three times the
TEDE and ground de po si tion of 3 ms–1 wind speed,
are nine times of 9 ms–1 wind speed. With the in crease
of the down wind dis tance, the pro por tion of the ra di a -
tion dose caused by wind speed is ba si cally un changed 
ex cept for the curve of 0.1 ms–1. The larger wind speed
is very con ve nient for re duc ing the harm of
radionuclides, thereby based on con ser va tive safety
anal y sis, the small wind speed should be used for cal -
cu la tion of con se quence as sess ment. The ground de -
po si tion at the wind speed of 9 ms–1 is smaller than at
other speeds, be cause radionuclides are usu ally trans -
ported to fur ther down wind dis tance by wind.
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Fig ure 3. The TEDE as a func tion of
down wind dis tance in at dif fer ent
wind speeds

Fig ure 2. Ground de po si tion as a
func tion of down wind dis tance in
dif fer ent sta bil ity classes



In flu ence of dif fer ent rain fall rates

Pre cip i ta tion can re move ra dio ac tive ma te rial from 
a plume, so the ef fects of rain fall rates of 0 and 10 mmh–1

are ana lysed. The con sid ered at mo spheric sta bil ity and
wind speed are class D and 5 ms–1, re spec tively.

The im pact of dif fer ent rain fall rates on the
TEDE and ground de po si tion of the SNF ac ci dent is
shown in figs. 5 and 6, re spec tively. It can be seen that
the rain fall rate has an ob vi ous im pact on the TEDE
and ground de po si tion. The TEDE and ground de po si -
tion de creased with the in crease of the rain fall rate,
which was more ob vi ous with the in crease of down -
wind dis tance. Al though the TEDE of zero rain is ap -
prox i mately equal to 10 mmh–1 rain fall rate at the
down wind dis tance of 200 m, but the TEDE of zero
rain is about 1150 times than 10 mmh–1 rain fall rate at
the down wind dis tance of 500 m. By com par i son, the
ground  de po si tion  of  no  rain  is  about  3  times than

10 mmh–1 rain fall rate at the down wind dis tance of
300 m, but the ground de po si tion of no rain is about
3320 times greater than 10 mmh–1 rain fall rate at the
down wind dis tance of 600 m.

In ad di tion to this, figs. 7 and 8 show the TEDE
con tour plot un der the plume spec i fied for sta bil ity
class D and wind speed of 5 ms–1 in dry and rainy
weather con di tions, whereas figs. 9 and 10 de pict
plume con tour ground de po si tion dis tri bu tion in dry
and rainy weather con di tions. It can be seen from fig. 7 
that three re gions with the area of 31 km2, 81 km2 and
741 km2 have been marked with dose con tours of
1.00×10–3,  5.00×10–4,  and  1.00×10–4 Sv.  How ever, as
is  shown  in  fig.  8,  three  re gions  with  the  area  of
0.044 km2, 0.050 km2 and 0.066 km2 has have been
marked with dose con tours of 1.00×10–3,  5.00×10–4, 
and  1.00×10–4 Sv. Mean while, it can be seen from fig.
9 that three re gions with the area of 1.6 km2, 36 km2

and 857 km2 have been marked with de po si tion con -
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Fig ure 4. Ground de po si tion as a
func tion of down wind dis tance at
dif fer ent wind speeds

Fig ure 5. The TEDE as a func tion of
down wind dis tance at dif fer ent
rain fall rates



tours of 3700, 370, and 37 kBqm–2. More over, in fig.
10, three re gions with the area of 1.6, 36, and 847 km2

has have been marked with de po si tion con tours of
3700, 370, and 37 kBqm–2. The in ner area in fig. 8 will
do higher dose risk for per son nel and pop u la tion,
which re fer to the TEDE is higher than the max i mum
pub lic dose lim its rec om mended by the In ter na tional
com mis sion  on  ra dio log i cal  pro tec tion   (ICRP) 
which is 1 mSv per year.

This mod el ling re sult is prob a bly at trib ut able to
the air con cen tra tion of ra dio ac tive ma te rial de creased
be cause of pre cip i ta tion. Rain fall caused the con -
sump tion of ra dio ac tive aero sol in the air, thus in creas -
ing the de po si tion of ra dio ac tive ma te rial. In ter nal ra -
di a tion dose de creases with the in crease of the rain fall
rate, and the dose from ex ter nal ex po sure in creases
with the in crease of the rain fall rate. Wet and dry de po -
si tions, which caused in ter nal ra di a tion dose decrease,
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Fig ure 6. Ground de po si tion as a
func tion of down wind dis tance in at
dif fer ent rain fall rates

Fig ure 8. The TEDE coun ter plot
for D class in rainy weather

Fig ure 7. The TEDE coun ter plot
for D class in dry weather



are the main fac tors for re duc ing the TEDE. From the
short-term safety eval u a tion of nu clear emer gency, the 
high rain fall rate re sulted in a lower ra di a tion dose.

CON CLU SIONS

In this ar ti cle, the ra di a tion dose cal cu la tions and 

ra dio log i cal con se quences of a hy po thet i cal SNF

trans por ta tion ac ci dent have been per formed by us ing

HotSpot code 3.03. Af ter the SNF ac ci dent, TEDE and 

the ground de po si tion are cal cu lated at dif fer ent me te -

o ro log i cal con di tions. The re sults in di cate that the

TEDE and ground de po si tion are both de creased with

the in crease of the down wind dis tance. By com par i son 

with TEDE of dif fer ent class sta bil ity, it can be con -

cluded that the more un sta ble the at mo sphere, the

more ob vi ous the di lu tion of the ra dio ac tive aero sol,

the more sta ble the at mo sphere, the more se ri ous the

ra di a tion harm caused. With the in crease of the down -

wind dis tance, the pro por tion of the ra di a tion dose

caused by wind speed is un changed. The re sults show

that the higher wind speed is very con ve nient for re -

duc ing the harm of radionuclides. As dif fer ent rainy

weather was con sid ered, rain fall caused the con sump -

tion of ra dio ac tive aero sol in the air, and the de po si tion 

of ra dio ac tive ma te rial in creased. The max i mum of

TEDE is about 1.4×101 Sv, which is larger than the reg -

u la tion limit for the pub lic. There fore, the near-field

staff should leave the ac ci dent site as soon as pos si ble

and go to the up wind di rec tion to avoid con tam i na tion. 

In ad di tion, ap pro pri ate mea sures should be taken to

re move ra dio ac tive par ti cles at tached to the body.

When the down wind dis tance is about 8 km, the TEDE 

is grad u ally be low the an nual reg u la tory lim its of

1mSv for the pub lic as set in the IAEA Ra di a tion Pro -

tec tion and Safety of Ra di a tion Sources: In ter na tional

Ba sic Safety Stan dards, GSR Part 3. The TEDE coun -

ter plots show that the inner re gions marked with dose

con tours of 1×10–3 Sv are higher than the max i mum

pub lic dose limit set by the ICRP. Tak ing into ac count

the pos si ble changes in wind di rec tion, the pub lic

within 8 km of the ac ci dent point should be evac u ated

ur gently. The pub lic in other re gions should avoid un -

nec es sary travel to this area.

AU THORS' CON TRI BU TIONS

The idea and re sults for the pre sented re search
were ini ti ated and per formed by B. Cao. The data pro -
cess ing and graphic pre sen ta tion were car ried out by
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Fig ure 9. Plume con tour ground
de po si tion dis tri bu tion for D class in
dry weather

Fig ure 10. Plume con tour ground
de po si tion dis tri bu tion for D class in
rainy weather



B. Cao and W. Cui. All the au thors par tic i pated in the
discussionn of the re sults pre sented in the fi nal ver sion 
of the pa per. 
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Bo CAO, Vej|e CUEJ

PROCENA  RADIOLO[KIH  POSLEDICA  HIPOTETI^KOG  AKCIDENTA
TOKOM  TRANSPORTA  ISLU@ENOG  NUKLEARNOG  GORIVA

Potencijalno osloba|awe radioaktivnih materijala u atmosferu prilikom transporta
islu`enog nuklearnog goriva predstavqa ozbiqnu opasnost po op{te zdravqe stanovni{tva i
`ivotnu sredinu. Prema nuklearnom programu Kine planiran je po~etak rada komercijalne
fabrike za reprocesirawe oko 2025. godine. Nakon hla|ewa islu`enog nuklearnog goriva na
lokaciji predvi|enoj za tu aktivnost, trans port goriva do fabrike za reprocesirawe obavqa}e se
`eleznicom ili kamionima. Iz ovoga nastaje potreba za procenom radiolo{kih posledica usled
mogu}ih akcidenata tokom transporta i u ovom radu je prikazan prora~un doza hipoteti~kog
akcidenta u ovakvim okolnostima. Primenom programskog paketa HotSpot izra~unati su totalni
efektivni dozni ekvivalent i talo`ewe radionuklida u zemqi{tu koriste}i adekvatne
meteorolo{ke uslove za datu lokaciju. Rezultati ukazuju da totalni efektivni dozni ekvivalent i
talo`ewe u zemqi{tu opadaju sa pove}awem rastojawa. Maksimalna vrednost totalnog
efektivnog doznog ekvivalenta iznosi oko 1.4×101 Sv, {to je iznad propisane grani~ne vrednosti za
stanovni{tvo. Grafik vrednosti TEDE prikazuje unutra{we oblasti oivi~ene doznim konturama
od 1.0×10–3 Sv u kojima je doza ve}a od propisane vrednosti za stanovni{tvo, bez zahteva za
intervencijom, pri ~emu treba izbegavati nepotrebne odlaske u te zone.

Kqu~ne re~i: procena radiolo{kih posledica, modelovawe atmosferkog rasipawa, istro{eno
..........................nuklearno gorivo, TEDE, HotSpot


