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The effect of the Wolsong Tritium Removal Facility on the change of tritium concentration in the soil water was assessed
by introducing a dynamic compartment model. For the mathematical modeling, the tritium in the environment was thought to
come from two different sources. Three global tritium cycling models were compared with the natural background concentration.
The dynamic compartment model was used to model the behavior of the tritium from the nuclear power plants at the Wolsong
site. The source term for the dynamic compartment model was calculated with the dry and wet deposition rates. The area
around the Wolsong nuclear power plants was represented by the compartments. The mechanisms considered in deriving the
transfer coefficients between the compartments were evaporation, runoff, infiltration, hydrodynamic dispersion, and groundwater
flow. We predicted what the change of the tritium concentration around the Wolsong nuclear power plants would be after future
operation of the tritium removal facility to show the applicability of the model. The results showed that the operation of the

tritium removal facility would reduce the tritium concentration in topsoil water quickly.
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1. INTRODUCTION

There are four CANDU (Canadian Deuterium Uranium)
pressurized heavy water reactors in operation at the Wolsong
site, Republic of Korea. The amounts of tritium in the
CANDU reactors increase because the generation rates
of tritium are higher than the decay rates. Tritium is mainly
produced through neutron capture by the deuterium atom
in heavy water, which is used as the moderator and coolant
in CANDU reactors [1]. The tritium concentration in the
atmosphere and rain water at the Wolsong site was especially
monitored, due to the high trititum concentration in the
environment. A tritium removal facility (TRF) is being
constructed at the Wolsong site to reduce the tritium
discharge rates.

We reviewed the record of the discharge rates and
tritium concentration at the Wolsong site to model the
tritium behavior in the environment. We developed a
dynamic compartment model to find the relationship
between the tritium release rate and the tritium concentration
in the environment [2]. Two different sources of tritium
were modeled separately: one from the nuclear power
plants and the other from the natural background tritium.
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The natural background tritium level was generally
computed with a global tritium cycling model. Three
different models were compared with one another by
using the tritium concentration in the soil water. Four
different sources were included to estimate the natural
background concentration. '

The tritium concentration in the atmosphere was
calculated with the annual average x/@ values and discharge
rates. The calculation was compared with the measurement
data at three locations around the site. The wet deposition
of the tritium was modeled using the washout ratio approach,
since we were interested in the long-term average deposition
rates. The wet deposition rates calculated with the washout
ratio method were compared using the measurement data
at two locations. The dry deposition rates were calculated
with the dry deposition velocity.

The topography of the Wolsong site was analyzed
using a digital map and the SURFER program to select a
representative area for the compartment model. The selected
arca was represented with four compartments. The tritium
source term was calculated from the deposition rates. The
transfer coefficients between the compartments were derived
for the dynamic compartment model. The annual rates of
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evaporation and runoff were calculated using a computer
program, Visual HELP, and the groundwater velocity of
the site was obtained with the FEMWATER program. A
numerical solution for the dynamic compartment model
was obtained using the AMBER program. The effect of
the TRF operation on the change of the tritium concentration
in the soil water was predicted using the dynamic compa-
rtment model.

2. NATURAL BACKGROUND TRITIUM

The Korea Institute of Nuclear Safety (KINS), a
regulatory body, measures the tritium concentration of
South Korea’s tap water annually. The recent data showed
a concentration of around 0.8 Bq L™ in the nation’s tap
water [3]. However, an appropriate mathematical model
is required to predict the change of the tritium concentration
in the future. In general, the global tritium cycling model
was used to estimate the natural background concentration.
In this paper, we compared three different global tritium
cycling models using the tritium concentration in the
South Korean tap water. Two NCRP seven compartment
models and one model proposed by Killough and Kocher
were compared. In NCRP 62 [4], two types of seven-
compartment models for the global cycling of the tritium
are suggested: one model for the entire planet and the other
for the northern hemisphere only. Killough and Kocher
[5] modified the NCRP model by separating the tropospheric
water volumes on land from those in the ocean to predict
the high tritium concentration in the 1960s. We used the
transfer coefficients between the compartments given in
the UNSCEAR report [6] to calculate the tritium conce-
ntration in the compartments.

Four different sources of tritium were considered for
the modeling in this study [7]: interactions between gases
of the upper atmosphere and cosmic rays, nuclear bomb
tests, consumer products, and nuclear power plants [8].
Figure 1 shows the calculation results of the three different
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Fig. 1. Comparison of Three Different Global Tritium Cycling Models.
NCRP Northem Model Shows the best Agreement with Tritium
Concentration Measured in 2000
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models. The NCRP northern hemisphere model result
showed the best agreement in 2000. The NCRP northern
hemisphere model results and the Killough and Kocher
model results agreed well with the tritium concentrations
of South Korean tap water in 1960s.

3. TRITIUM FROM THE NUCLEAR POWER PLANTS

3.1 Tritium Concentration in the Atmosphere

The first CANDU reactor began operation at the
Wolsong site in 1988. Four CANDU reactors with a power
output capacity of 2,780 MWe have been in operation at
the Wolsong site since 1998. Since tritium is mainly pro-
duced through neutron capture by the deuterium atom in
the heavy water used as the moderator and coolant in
CANDU reactors, the discharge rates of tritium from the
CANDU reactors are larger than those of PWR reactors.
Figure 2 shows the tritium discharge rates from the CANDU
and PWR (Kori total) reactors [9]. As shown in Figure 2,
the amount of tritium discharged from the Wolsong site
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Fig. 2. Tritium Discharge rates from the Wolsong(CANDU) and
Kori(PWR) Nuclear Power Plants [9]
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was much larger than that of the Kori site where four PWR
reactors with a power output capacity of 3,140 MWe are
in operation. The tritium discharge rate of Wolsong Unit
1 is larger than that of Wolsong Unit 2, due to the short
operation time of unit 2.

The tritium concentration in the atmosphere has been
measured by KINS, due to the high discharge rates at the
Wolsong site. The atmospheric tritium concentration shown
in Figure 3 was calculated by multiplying the annual average
x/@ values and the discharge rates. The modified x/@ values
obtained at the Wolsong nuclear power plants [10] were
used in the calculation. Figure 3 shows a comparison of
the tritium concentration in the atmosphere at three different
locations: the Eastern Gate (denoted by SSE, 0.8 km from
the Meteorological Tower), the Waste Storage Building
(denoted by NNW, 0.5 km from the Meteorological Tower),
and the company houses for the company guards (denoted
by N, 1.0 km from the Meteorological Tower). The ca-
lculation of the tritium concentration was quite close to the
measured value, except for the location denoted by NNW
where a waste storage building was located. It seems that
an amount of tritium being released from the waste storage
building was not included in the calculation, but it became
evident as an increased measured concentration.

3.2 Wet and Dry Deposition of Tritium

Tritium released from nuclear power plants is tra-
nsported by advection and diffusion. Removal of a tritiated
compound from the atmosphere takes place by deposition.
The atmospheric removal processes are classified into dry
or wet deposition. There are two methods by which to
calculate the wet deposition. The washout rate approach
is used for the short-term release, and the washout ratio
approach is used for the long-term release. In accordance
with the washout ratio approach [11], the wet deposition
rate, W, was calculated using the following equation:

. ol 2
Wley)= i (x)ex{* }2 } M

(27:)}2 uo,

where Q is the tritium discharge rate [Bq y'],
u is the wind velocity [m s™],
o, is the diffusion parameter [m],
o is the washout ratio [-], and
1 is the precipitation rate [m y'].
In addition, «/ in equation (1) is called the wet deposition
velocity. The washout ratio was determined with the
following relation:
Ry
=0
Y @)
where R, is the tritium concentration in rain water (Bq
m?), and
x is the tritium concentration in the atmosphere
(Bq m?).
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Fig. 4. Comparison of the Modeling and Measurement with the Tritium
Concentration in the Rain Water Around the Wolsong Site [15]

The washout ratio around the Wolsong site was obtained
with equation (2) [12]. The average value of the washout
ratio was 4.85 x 10*. Slinn et al. [13] estimated the washout
ratio of 10° for the HTO. The value obtained in this study
was slightly lower than that given by Slinn et al. The wet
deposition of the tritium onto the topsoil compartment was
calculated using a computer program, DEPOS [14]. Figure
4 shows a comparison of the calculation and measurement
results [15] of the tritium concentration at two locations.
The results showed a good agreement.

According to Briggs et al. [16], the amount of radio-
nuclides dry-deposited onto the soil are obtained by
multiplying the atmospheric concentration near the soil
and the dry deposition velocity:

w(x,y)=v,C(x,,0) ?3)

where w is the tritium deposition rates (Bq m? s);
v, is the dry deposition velocity of tritium (m s™); and
C is the trittum concentration in the atmosphere
(Bq m?).

The tritium concentration in equation (3) was obtained
by multiplying x/@ from the Gaussian plume model and
the tritium discharge rate from the Nuclear Power Plants
(NPP). The deposition rate in each sector was obtained
by multiplying the concentration of the tritium, the area
of the sector, and the deposition velocity. A deposition
velocity 0of 4.94 x 10 m s was used for soil [17].

3.3 Dynamic Compartment Model

Most tritium exists in the form of HTO in the enviro-
nment. Since HTO is very mobile in the environment, its
behavior can be described using a compartment model.
Figure 5 shows the compartments for the trititum movement
modeling. The mass transfer between the compartments
was expressed using the following mass conservation
equations:
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Where A4, is the amounts of tritium in the compartment-
i(Bg);
k; is the transfer coefficient between compartment
-i and compartment-j (y™);
A is the tritium decay constant (y'); and
S; is the source term in the compartment-i (Bq y ).
The computer program, AMBER [18], was used to nume-
rically solve equation (4).
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Fig. 6. Contour map of the Wolsong Site.
Cross Mark Indicates the Sampling Point
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3.4 Source Term and Transfer Coefficients

The geography of the Wolsong site was investigated
using a digital map to derive the transfer coefficients.
Figure 6 shows the topography of the Wolsong site. The
area around the sampling point marked by a cross was
selected and represented by four compartments. The sampling
point was located at the Kiguri near the Wolsong NPP in
the WSW direction. The distance from the nuclear power
plants to the sampling point was between 4.8 km to 6.4 km.
Even though the surface stream was not the final sink of
the tritium, the sea was not included, since we were only
interested in the concentration of tritium in the topsoil water.

The source term of the trittum was calculated from
the wet and dry deposition rates. The atmospheric conce-
ntration was calculated using the discharge rates (given
in Figure 2) and the x/@ values at the sector in the WSW
direction. Figure 7 shows the time-dependent source term
used for the dynamic compartment modeling. Since the
data were limited to five years, we assumed that the fifth
year deposition rate continued for 10 years.
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Fig. 7. Tritium Source Term Used for the Dynamic Compartment
Modeling
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The transfer of the tritium between the compartments
was mainly due to evaporation, groundwater flow, infi-
Itration, runoff, and dispersion. The annual rates of eva-
poration and runoff were calculated using a computer
program, Visual HELP [19]. The transfer coefficients of
the evaporation and runoff between the compartments
were calculated by dividing the evaporation and runoff
rates by the pore volume of the compartment, respectively.

Tritium deposited onto the soil moved with the gro-
undwater flow. According to the FSAR of the Wolsong
nuclear power plants, an overburden was located on the
Dacite at the site. Hydraulic conductivities of the overburden
and the Dacite were estimated to be 31.5 and 5.05 m y"',
respectively. Groundwater flow was described by Darcy’s
law. The finite element computer program, FEMWATER,
was used to calculate the steady state groundwater flow.
Figure 8 shows the vertical cross section of the area denoted
by line AB in Figure 7. A total of 180 elements were used
to calculate the groundwater flow. Figure 9 shows the
groundwater velocity vectors obtained using the FEMWATER
program. The numbers in the x- and y-axes indicated the
element number. The average groundwater velocity for
the overburden was around 4.25 m y™.

Hydrodynamic dispersion can lead to the movement
of the radionuclides in the environment. The coefficient
of the hydrodynamic dispersion can be expressed in terms
of two components: molecular diffusion and kinematic
dispersion. The molecular diffusion was so small that it
was not considered. The kinematic dispersion was calculated
using the following equation:

Dy =a;-v )
where a; is the dispersivity (m);
v is the groundwater flow velocity (m y™).

A conservative dispersivity value of 1 m was used in the
calculation.

4. RESULTS AND DISCUSSION

The changes of the tritium activity were calculated
with the time-dependent source term given in Figure 7.
Figure 10 shows the tritium concentration in the topsoil
and the deep soil at the location of the sampling point.
Most of the tritium deposited onto the topsoil returned to
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Fig. 10. The Comparison of Model and Measurement with Tritium
Concentration in the Top-soil and Deep Soil Compartments and the
Prediction of the Change of Tritium Concentration in Soil Water After
the Operation of Tritium Removal Facility

the atmosphere, due to the large transfer coefficient of
evaporation, and did not accumulate in the topsoil. As
shown in Figure 10, the tritium concentration in the topsoil
was estimated to be around 4 ~ 5 Bq L' including a natural
background tritium concentration of 0.71 Bq L', which
was estimated with the NCRP northern hemisphere model.
The calculation showed a slightly lower tritium concentration
as compared with the measurement. It was expected that
a more accurate calculation would be obtained if the co-
mpartments were refined and the input parameters were
supplied by in situ data.

A tritium removal facility is being built at the Wolsong
site, Republic of Korea, to reduce the discharge rates of
tritium. It is scheduled to start operation in 2006. The
discharge rates are expected to be reduced by one sixth
to one tenth after the operation of the trittum removal
facility begins. One scenario regarding the operation of
the TRF was introduced to show the usefulness of the
dynamic compartment model that was developed in this
study. We calculated the change of environmental tritium
concentration for a case in which the discharge rates were
reduced by one tenth of those of the year 2005. Figure 10
shows the results of the calculation. The results showed
that the tritium concentration in the topsoil begins to
decrease in 2006, but the concentration in the deep soil
changes little, due to low transfer coefficients.

5. CONCLUSIONS

A dynamic compartment model was applied to predict
the change of the tritium concentration in the environment
around the Wolsong nuclear power plants for future ope-
ration of the Wolsong Tritium Removal Facility. Three
global tritium cycling models were compared to estimate
the natural background tritium concentration. The NCRP
northern hemisphere model showed the best agreement
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with the measurement in 2000. The tritium concentration
in the surface soil water was around 0.7 Bq L' in 2000,
and the interactions between the atmosphere and the cosmic
rays were the most important sources of the natural ba-
ckground concentration.

The source term for the dynamic compartment model
was derived from the wet and dry deposition rates. The
atmospheric tritium concentration was obtained using the
discharge rates and the annual average x/@ values. The
calculation showed a good agreement with the measurement
data. The washout ratio of 4.85 x 10* was derived using
the tritium concentration in the atmosphere and in the
rain water. The calculation of the tritium concentration
with the washout ratio approach showed a good agreement
with the measurement data at the two locations.

One area at the Wolsong site was selected as a result
of the topographical analysis of the site and was represented
by four compartments. Five different kinds of mechanisms
were reviewed for the modeling of tritium movement in
the environment. Tritium concentration in the topsoil and
deep soil water was calculated using the compartment
model. The results showed that most of the tritium deposited
onto the land was released into the atmosphere and was
not accumulated in the topsoil. The tritium concentration
in the topsoil was estimated to be around 4~5 Bq L~
including the natural background tritium concentration
of 0.71 Bq L"' in the topsoil. It was close to the measured
amount of 6.7 Bq L.

One scenario regarding the operation of the tritium
removal facility was analyzed to show the usefulness of
the dynamic compartment model that was developed in
this study. The change of the tritium concentration was
predicted for a case in which the tritium discharge rates
were reduced to one tenth beginning in 2006. The result
showed that the tritium concentration in the topsoil started
to decrease in 2006, but the concentration in the deep soil
changed little, due to low transfer coefficients.

Acknowledgements

This study was performed under the long-term nuclear
research and development program sponsored by the Korea
Ministry of Science and Technology, Republic of Korea.

REFERENCES

[1] Song, M. J., S. H. Son, and C. H. Jang, “Tritium Inventory
Prediction in a CANDU Plant,” Waste Management, 15,
593 (1995).

[ 2] Choi, Heui-Joo, Hansoo Lee, Hee Suk Kang, Yong Ho Choi,
and Chang Woo Lee, “Modeling of the Environmental
Behavior of Tritium around the Nuclear Power Plants,”
Journal of the Korean Nuclear Society, 34, 242 (2002).

[ 3] KINS, The annual report on the Environmental Radiological

390

Surveillance and Assessment around the Nuclear Facilities,
KINS/AR-140, KINS (2001).

[ 4 ] National Council on Radiation Protection and Measurements,
Tritium in the Environment, NCRP Report No. 62, NCRP
(1979).

[ 5] Killough, G. G. and D. C. Kocher, “Global Environmental
Transport Models for Tritium,” Fusion Technology, 8, 2569
(1985).

[ 6] UN, Sources and Effects of lonizing Radiation, UNSCEAR
2000 report Volume 1, UN (2000).

[7]1Till, 1. E., H. R. Meyer, E. L. Etnier, E. S. Bomar, R. D.
Gentry, G. G. Killough, P. S. Rohwer, V. J. Tennery, and
C. C. Travis, Tritium-An Analysis of Key Environmental
and Dosimetric Questions, ORNL/TM-6990, ORNL (1980).

[ 8 ] Choi, Heui-Joo, Hansoo Lee, Hee Suk Kang, and Chang
Woo Lee, “Estimation of Tritium Concentration in the
Environment based upon Global Tritium Cycling Model,”
J. Korea Asso. Radiat Prot., 28, 1 (2003).

[ 9] KHNP, Annual Report on the Radioactive Waste Manage-
ment, KHNP (2003).

[10] Personal Communication with the staff of KHNP (2003).

[11] Brenk, H. D. and K. J. Vogt, “The Calculation of Wet
Deposition from Radioactive Plumes,” Nuclear Safety, 22,
362 (1981).

[12] Choi, Heui-Joo, H. S. Kang,, D. K. Keum, and H. Lee,
“Characteristics of HTO Wet Deposition around Wolsong
Nuclear Power Plants,” in the proceeding of the Korean
Association of Radiation Protection, Spring (2004).

[13] Slinn, W. G. N, Hasse, L., Kicks, B. B., Hogan, A. W, Lal,
D, Liss, P. S., Munnich, K. O., Shemel, G. A., and Vittori,
0., “Some Aspects of the Transfer of Atmospheric Trace
Constituents Past the Air-Sea Interface,” Atmos. Environ.,
12, 2055 (1978).

[14] Choi, Heui-Joo, Hansoo Lee, Hee Suk Kang, and Yong
Ho Choi, “Development of A Dynamic Compartment Model
for the Prediction of Tritium Behavior around NPPS,” in
Proceedings of the International Symposium: Transfer of
Radionuclides in Biosphere-Prediction and Assessment,
Mito, edited by H Amano and S. Uchida (JAERI-Conf-
2003-010), 159 (2003).

[15]1 KHNP, Annual report on the environmental radiation around
the nuclear power plants, KHNP (2003).

[16] Briggs, G. A., I. Van der Hoven, R. J. Englemann, and J.
Halitsky, “Processes Other Than Natural Turbulence Affe-
cting Effluent Concentrations,” in Meteorology and Atomic
Energy 1968, D. J. Slade (ed.), Report TID-24190, U.S.AEC,
189 (1968).

[17] Brudenell, A. J. P., C. D. Collins, and G. Shaw, “Dynamics
of Tritiated Water (HTO) Uptake and Loss by Crops After
Short-Term Atmospheric Release,” J. Environ. Radioactivity,
36, 197 (1997).

[18] Enviros QuantiSci, AMBER 4.0 Reference Guide, Enviros
QuantiSci, Oxfordshire, U.K. (1998).

[19] Waterloo Hydrogeologic, WHI UnSat Suite Plus User’s
Manual (includes Visual HELP), Waterloo Hydrogeologic,
Inc. (2001).

NUCLEAR ENGINEERING AND TECHNOLOGY, VOL.37 NO.4, AUGUST 2005



