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During the normal operation of pressurized water reactors, tritium has contributed more
than 95 % of the total radioactivity of all the radionuclides discharged into the environment
and has been recognized as the key radionuclide in the design and operation of reactors. In the
paper, the tritium production of the AP1000 reactor by the Westinghouse approach has been
introduced and the diffusion fractions of tritium from fuel rods in the approach have been re-
viewed according to advances in research on the diffusion of tritium from zirconium alloys.
The historical tritium discharge data from the predecessors with very similar core designs of
the AP1000 reactor have been collected and sorted. According to the statistical results, the av-
erage tritium discharge approximates the tritium generated from neutron activation of boric
acid and lithium hydroxide and it shows that the release fraction of tritium through fuel clad-
ding with zirconium alloy may be neglected for the best-estimated condition. The release of
tritium from secondary neutron sources has been validated by a comparison of historical tri-
tium discharge from the predecessors with and without secondary sources. In addition, it in-
dicates that local maximum tritium emissions from the U.S. Pressurized Water Reactors are
remarkably affected by batch liquid release, especially before or during the overhauls. It will
help recognize the tritium generation in the primary loops and optimize the management of

radioactive emissions for the utilities of the AP1000 reactor in the future.
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INTRODUCTION

Tritium is one of the most important radionuclides
in the environment and the public during the normal op-
eration of nuclear power plants owing to its long half-life
(12.3 years) and predominant contribution to the total ac-
tivity of all radionuclides discharged into the environ-
ment [1]. Tritiated water can enter readily into the human
body through drinking, breathing and ingestion. Tritium
discharges have been highly focused on safety analysis
and environmental impact assessment of nuclear power
plants and the public. Therefore, tritium has been recog-
nized as one of the most important radionuclides in the
industry [2]. The limits for the liquid and gaseous tritium
discharges in pressurized water reactors (PWR) have
been strictly authorized to control the impact on the envi-
ronment and the public [3-5].

The AP1000 reactor is one of the Generation 111
reactors designed by Westinghouse and it has been ap-
proved after review by the U.S. NRC (Nuclear Regu-
latory Commission). Since AP1000 reactors are im-
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ported into China, the attention was paid to the source
of tritium because of its high production and dis-
charge. The tritium production in the AP1000 reactor
has been theoretically assessed by the standard West-
inghouse approach and the origins of tritium include
the diffusion of tritium from fuel rods and burnable ab-
sorbers, and the neutron activation of boric acid, lith-
ium hydroxide and deuterium in the primary loops.
The results of annual tritium production in the AP1000
reactor by the TRICAL computer code have been pre-
sented in tab. 1 [6]. The Westinghouse approach for
tritium generation was developed in the 1970s and the
assumptions used have been only partially validated
by two years of operational feedback from the R. E.
Ginna nuclear power plant [7]. It was not updated
hereafter and does not match the latest operational
feedback from a large number of PWR and the re-
search progress on the diffusion of tritium from mate-
rials over the past decades.

In the paper, the mechanisms of tritium produc-
tion by direct sources and indirect sources in pressur-
ized water reactors have been introduced. One method
has been developed to validate tritium production based
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Table 1. Results of tritium production in the AP1000 reactor

Tritium production [Tqu’l]
Source : .
Best-estimated Conservative
Direct source
Soluble boron 18.1 18.1
Soluble lithium 4.1 4.1
Deuterium 0.1 0.1
Indirect source
Ternary fission 8.7 43.7
Burnable absorbers 1.3 6.9
Total 325 72.9

on the historical data on tritium discharges from PWR
with very similar core designs of the AP1000 reactor.
The statistical results will help to determine the source
of tritium and help optimize the tritium discharge for the
utilities of the AP1000 reactors in the future.

MECHANISMS OF TRITIUM
PRODUCTION AND RELEASE

Recognition of sources

The origins of tritium in the primary loops in re-
actors are different in various types of reactors. All the
origins of tritium in the PWR include two parts, the di-
rect sources and the indirect sources. The direct
sources designate neutron activation of soluble boric
acid, lithium hydroxide and deuterium in the primary
loops and all tritium produced by the direct sources
will be discharged into the environment. The indirect
sources of tritium have the potential contribution to the
environment and the quantity of tritium diffused de-
pending on the design of the material of fuel rods, the
secondary neutron source rods and control rods. All
the reactions for tritium generation in PWR have been
summarized in tab. 2 [8, 9].

Table 2. Nuclear reactions of tritium production in PWR

Mechanism for direct sources

According to the basic theory of neutron activa-
tion reactions, the production of tritium in the primary
loops can be calculated as follows

dN(t)
dt

where N is the average number of target atoms for tri-
tium in the neutron region, #— the time of operation, V' —
the total volume of water in the neutron region, o, —the
microscopic cross-section of neutron with energy ¢, ¢,
—the average neutron flux with energy ¢ in the neutron
region, and A — the decay constant of tritium.

The solution of the equation can be expressed as
follows

=VN()Z(c, ¢, )-AN(t) (1)

N(t)=VN()Lo, ¢, (1-e ") ()

Compared with the half-life of tritium, the decay
of trittum in several fuel cycles can be negligible. The
activity of tritium at time t can be presented as follows

A()=AVY0,d,.t (3)

Therefore, the production rate R of tritium activ-
ity can be got as follows

dA(t) —

R(t)= =AVYo. 9, 4)
dt £

The relation between the neutron flux ¢, and the
reactor power P can be present as

P=¢,N,;0,E,V, )
where Ny is the atomic number density of fissile

nuclides (main **U in PWR) in the active region, Gr—
the microscopic cross-section of atoms of fissile

Region Nuclear reactions
Fuel* U/Pu+{n — FP1+ FP2+3H
A?Be+ énﬂ)gHe+ 26He: gHei)gLi = gLi+ 6nﬂ>§He+ 13H
Antimony-Beryllium (in the secondary source) 0 L 3 L na) 4 e
4Bet On;>37Li+ lHe:;LH ot———> He+ on+{H
198+ gn—2 503 Her JH
lg)BJrOln(n’—M())gLH én+§He:> 36Li+ én&?HeJr 13H
lgB+ énﬂ);LH E‘He: 37Li+ (l)nM)§He+ (1)n+ 13H

Boric acid (in the primary coolant and control rod)

1SlB+ 6n—>28e+ 13H = zBe+ én%?Heﬂ— 26He
§Hei>36u+,

ffBe+ or———>3Li+ 13H = 37Li+ én——>§He+ 6n+ 13H

(1)

(l)e: 36Li+ én—)wm E‘He—t— %H

n,T) 7 (n,na)

Lithium hydroxide (in the primary coolant)

SLi+ gn—"D 53 e 31

TLi+ n—"D 5 3 He+ n 31

Deuterium (in the primary coolant)

2f 4 D 3

*Note: FP1 and FP2 are different fission products of fuel, other than tritium
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nuclides in the active region, E, — the average recover-
able energy per fission, and ¥, — the volume of the ac-
tive fuel region in the reactor core.

Then the production rate of tritium activity is

R=AVYo, _r (6)
¢ NyosEJV,

When the volume of the core and the fuel man-
agement of the reference reactors are similar to the
AP1000 reactor, the distribution of neutron flux in the
reactor, soluble boric acid concentration, and lithium
hydroxide concentrations are comparable. So it is rea-
sonable to regard the tritium discharges from the refer-
ence reactors as the tritium production by the direct
sources in the AP1000 reactor.

Mechanism for indirect sources

The fuel rod and secondary neutron source
(SNS) are the most important indirect sources for tri-
tium discharge in a pressurized water reactor since a
large quantity of tritium has been accumulated in
them. The normalized tritium production by ternary
fission in fuel rods is estimated as high as the order of
magnitude of 500 TBq per GW of electricity per year
according to the fission yield of tritium, but the tritium
production in the secondary sources cannot be simply
evaluated because it depends on the cladding design of
the secondary sources and the neutron flux. The
amount of tritium released from the indirect sources
into the primary coolant can be expressed in the form
as follows

A7 =, 4" ™
where Aich is the activity of tritium in the primary
loops from fuel rods and secondary neutron sources, 1;
—the release fraction of tritium through the cladding of
fuel rods and secondary neutron sources, 4;”— the
amount of tritium produced in the fuel rods and sec-
ondary neutron sources.

The release of burnable absorbers and neutron
activation of deuterium in the primary loops in
AP1000 can be neglected owing to the tiny contribu-
tion to the total trititum in comparison with other
sources.

Review of tritium production by the
Westinghouse approach

There are two potential problems with the tri-
tium generation in the AP1000 reactor by the Westing-
house approach. One is that the fraction of tritium re-
leased from the fuel may be too high, i.e. 2 % for the
best-estimated condition and 10 % for the conserva-
tive condition. The hydrogen diffusion mechanism
and experiments have been extensively researched in

the past decades and the release fraction of diffusion
through fuel rod with zirconium alloy cladding in
PWR has been proved very low due to the outside oxi-
dation layers of cladding, e. g., 0.81 % in the Belgian-3
reactor [10], as low as 3-107 by effusion and perme-
ation experiments [11]. The other is that the diffusion
of tritium from the secondary neutron source has not
been recognized in the AP1000 reactor. Tritium gener-
ated by the activation of beryllium in the secondary
neutron source can penetrate the stainless-steel clad-
ding readily and then release into the primary coolant
in the PWR, which has been verified by the experi-
ment [12], the measurements [13] and the comparison
of the tritium discharge before and after the abandon-
ing of the secondary neutron source in many PWR
across the world [9]. Although the production of tri-
tium in fuel rods and secondary sources is well under-
stood, there is no consensus on the release fraction of
tritium from these indirect sources in the industry. Dif-
ferences in the assumptions of these release fractions
will inevitably bring great uncertainty to the analysis
of tritium production. Therefore, the historical data on
tritium emissions from PWR with very similar core
designs of the AP1000 reactor has been collected and
analyzed, and the statistical results have been pro-
posed as the tritium production and emissions in the
AP1000 reactor.

STATISTICAL ANALYSIS
AND DISCUSSION

Data analysis

In terms of tritium sources, eight reactors from
the operating PWR reactors in the U.S. have been
recognized as referenceable reactors or predecessors
of AP1000 reactors owing to the similarity of the ther-
mal capacity of the reactor, average linear power
(~18.01 kWm™), fuel cladding (zirconium alloy) and
the total active volume of the core [14]. The predeces-
sors have been sorted into two groups, Group 1 with
secondary sources and Group 2 without secondary
sources. The main information on predecessors and
the AP1000 reactor has been listed in tab. 3. The mate-
rials of the fuel rod cladding in AP1000 and these pre-
decessors are zirconium alloy. Although the geometric
configuration of the reactor core is different, the active
volumes of the reactor core are comparable and the rel-
ative difference is merely around 4.9 %. In addition,
the material of the secondary source cladding is dou-
ble encapsulated stainless steel for AP1000 and these
predecessors if used.

In the study, the historical data of annual tritium
discharge of the predecessors were collected [15] and
have been normalized to full power operation by the
records of the annual loading factor of reactors [14].
The annual loading factors of each reactor have been
shown in fig. 1.
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Table 3. Information on AP1000 and predecessors

Reactor | Thermal capacity [MW] | No. of assemblies | Active height [cm] | Fuel configuration | SNS* | Discharge data (unit*year)
AP1000 3415 157 14 17 x 17 w/ 2019~2021
Group 1
A 3411 193 12 17 x 17 w/0 2000~2019
B 3411 193 12 17 x 17 w/o 2001~2019
C 3438 193 12 17 x 17 w/o 2001~2011
D 3438 193 12 17 x 17 w/o 2001~2011
Group 2
E 3459 193 12 17 x 17 w/ 2001~2019
F 3468 193 12 17 x 17 w/ 2000~2019
G 3455 193 12 17 x 17 w/ 2001~2019
H 3455 193 12 17 x 17 w/ 2001~2019

* w/ and w/o denote whether SNS has been loaded in the core or not

Figure 1. Records of the
annual average load factor of
predecessors

Figure 2. Distribution of
annual tritium discharge in
predecessors
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The statistical results of the historical trittum dis-
charge in these operating reactors have been shown in
fig. 2. For the reactors of group 1, the discharged tri-
tium originates from the activation of boric acid and
hydroxide lithium, and the potential release from fuel
rods. The average tritium discharge in the reactors of
Group 11is23.9 TBqy ! (c = 1.2 TBqy ') and just ap-

proximates the trittum production from the direct
source (22.3 TBqy ') by the Westinghouse TRICAL
code [6]. Combining theoretical analysis and the sta-
tistics, it shows that the tritium diffused from the fuel
rods with zirconium alloy cladding indeed is so low
qualitatively and the intact fuel rods of the AP1000 re-
actor can't be one of the most important origins for the
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Figure 3. Distribution of quarterly tritium discharges in reactor F: (a) Gaseous discharge, (b) Liquid discharge,
and (c) Total discharge. # represents the quarter with the shutdown

tritium discharged into the environment. From the per-
spective of tritium production, the most difference be-
tween the predecessors in two groups is whether the
secondary neutron source assemblies have been used
in the reactor core. The comparison of average tritium
discharges between reactors of group 1 and reactors of
group 2 has indicated the release of tritium from sec-
ondary sources because the average tritium discharges
(31.4 TBqy ) from the reactors of group 2 are remark-
ably higher than that from the reactors of group 1. The
quantity of tritium released from secondary sources
depends on the irradiation conditions, e. g., the local
neutron flux and irradiation time of secondary sources
rods in these reactors. It proves that the secondary neu-
tron source should be the most important indirect ori-
gin of the tritium production in the AP1000 reactors
and should be considered in the determination of the
tritium discharge.

The diffusion behaviors of hydrogen (tritium)
through zirconium and stainless steel are much differ-
ent, and some investigators have shown that the perme-
ation of tritium through zirconium is orders of magni-
tude lower than in stainless steel [16-18]. Some parts of
tritium in the pellet matrix can migrate to the gap and the
fuel cladding subsequently by a diffusion mechanism.
In comparison to stainless steel, most of these hydrogen
atoms can be picked up by the zirconium and then exist
in the form of zirconium hydride. It is noted that the sol-
ubility of hydrogen in zirconium (more than 150 ppm
(parts per million) typically) is much higher than that in
stainless steel (less than 5 ppm) [19]. In addition, the ox-
ide layers of zirconium can also prevent the further dif-
fusion of hydrogen atoms to the primary loops [11].

Therefore, a large proportion of tritium in the secondary
neutron source can penetrate through the stainless-steel
cladding, but most tritium generated in fuel rods can't
always penetrate through the zirconium cladding to the
primary loops.

Fluctuation of tritium discharges

In operating a PWR, tritium generated in the pri-
mary loops in the reactor can be discharged into the envi-
ronment in two ways, i. e. batch release and continuous
release, and the respective contribution for tritium re-
lease is different. Taking the reactor /' as an example, the
quarterly tritium discharge of units and the quarters in
which the overhaul took place has also been presented in
fig. 2. It shows that the gaseous tritium discharges do not
change remarkably (from 0.24 TBqto 1.85 TBq), but the
liquid tritium discharges fluctuated significantly and the
local maximum liquid discharge always occurs before or
during the period of an overhaul period. The quarterly
discharge of liquid tritium with overhaul (10-29.4 TBq)
is much higher than that during power operation (around
5 TBq). The average liquid tritium discharge from 2006
to 2019 is 29.3 TBqy ', but the maximum liquid tritium
discharge reaches 71.0 TBqy ! in 2007, which is outside
the range of the box plot (13.1 TBqy ' to 40.4 TBqy 1),
shown in fig. 3. The remarkable fluctuation of tritium
discharge can't be related to the release from fuel or sec-
ondary sources since the significant failures of fuel rods
and secondary source rods in the cycle didn't happen. It is
reasonably speculated that some parts of tritium gener-
ated in the primary loops during the operation in 2006
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Table 4. Results of the statistic of maximum tritium discharge

Unit Average [Tqu’l] Maximum [Tqu’l]
ni
Gaseous Liquid ‘ Total Gaseous Liquid ‘ Total
Group 1
A 3.8 18.2 22.0 4.8 324 37.1
B 3.0 22.2 25.2 4.8 353 39.7
C 2.1 21.5 23.6 2.6 31.8 39.3
D 2.2 22.6 24.8 2.5 353 37.0
All 2.8+0.7 21.1+£1.7 239+1.2 48+ 1.1 353+1.6 39.7+£1.2
Group 2
E 3.9 26.9 30.8 5.4 36.5 44.0
F 3.9 29.3 332 4.6 37.7 41.9
G 2.6 28.8 31.3 3.6 39.1 41.9
H 2.5 27.6 30.1 3.2 37.1 38.8
All 32+0.7 28.1+£0.9 314+ 1.1 54+08 39.1+1.0 440+ 1.8
50 100 % 18 60 %
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Figure 4. Distribution of the release proportion of tritium in the U.S. PWR: (a) liquid release, and (b) gaseous release

have been batch released before the overhaul in 2007. from 48 % to 99 %, which has been remarkably affected
The liquid batch release occurs commonly during the op- by the liquid batch release. The release proportions with
eration of US PWR, but the batch release can be well two-year rolling data in these reactors are stabilized at
controlled if the management of radioactive effluents has 88 % for liquid release and 12 % for gaseous release re-
been optimized limited, e. g., setting the strict limits of spectively.
quarterly and monthly tritium discharge. Based on the statistical analysis of the total tri-
To reduce the impact of the liquid batch discharge tium discharges, the annual tritium discharges in the
to some certain extent, the rolling average of the histori- predecessors of group 2 are 31.4 TBqy ' for the
cal tritium discharges in a calendar year of the predeces- best-estimated condition (or the expected condition)
sors has been analyzed when a significant outlier is and 45.8 TBqy ! for the conservative condition. The
found with a box plot. The statistical results of tritium liquid and gaseous tritium discharges have been sum-
discharges by rolling average are shown in tab. 4. marized in tab. 5 and are proposed as the optimized

production and discharge of tritium in the AP1000 re-

L. . . actor taking into consideration the similarity between
Optimized tritium production

and discharge Table 5. Proposed production and discharge of tritium in
the AP1000 reactor
The release proportion of tritium has been ana- Tritium [TBqy ']
lyzed based on the measured data in the predecessors Condition Production | Gaseous Liquid
and the cumulative percentage of the proportion of the discharge discharge
liquid and gaseous release of tritium has been shown in Best-estimated | 31.4 3.8 27.6
fig. 4. The proportion of liquid tritium release varies Conservative 458 3. 40.3
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predecessors of group 2 and the AP1000 reactor. In the
comparison of tritium production by theoretical calcu-
lation in tab. 1, the results are much more reliable since
they are derived from direct statistics of historical dis-
charge data from similar predecessors and do not use
assumptions of diffusion proportion from indirect
sources. The value of tritium production at the best-es-
timated condition by the Westinghouse approach has
been validated but the part of trititum generated by the
fuel rod (ternary fission) actually originates from the
secondary neutron sources. In comparison to trititum
production at the best-estimated condition, the incre-
ments of the conservative production of tritium in
AP1000 mainly result from the management of re-
markable batch release, not from the higher diffusion
from fuel rods. In addition, the conservative value of
annual tritium discharge can also be further optimized
according to the planning and management of radioac-
tive liquid discharge by future utilities.

CONCLUSION

In the paper, the tritium production of the
AP1000 reactor by the Westinghouse approach has
been introduced and the assumptions used in the ap-
proach have been reviewed and challenged according
to advances in research on the diffusion of tritium from
indirect sources. The historical tritium discharges in
the referenceable PWR have been collected and the
statistical analysis shows that the release fraction of
tritium from zirconium alloy is very low and fuel rods
can't be one of the most important origins for the tri-
tium in the primary loops, but the release of tritium
from secondary sources is significant for the AP1000
reactor. In addition, it is found that the significant fluc-
tuations of tritium discharges are remarkably affected
by liquid batch release, especially before or during the
overhauls in the U.S. PWR. Based on the statistical re-
sults, one optimized tritium production and discharge
have been proposed based on the historical tritium dis-
charge data from the predecessors with very similar
core designs of the AP1000 reactor. It will help recog-
nize the tritium generation in the primary loops and
optimize the management of radioactive discharges
for the utilities of the AP1000 reactor in the future.
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hu BAHT

MPOLIEHA CTBAPAIbA W IIYPEIA TPUIIMIYMA U3 PEAKTOPA AIT1000
HA OCHOBY HUCTOPUJE TMOJATAKA Y CAJl O IIYPEKY W3 PEAKTOPA
CA BOJOM MOJ NMPUTUCKOM

TokoM HOpMaITHOT pajja peakTopa ca BOJIOM IOJ] IPUTUCKOM, TPULMjYM JIONPUHOCH BHIIIE Of
95 % yKyIHOj paluOaKTUBHOCTH CBUX PAJIUOHYKIIN/IA UCOYIITEHUX Y JKUBOTHY CPEIMHY U IPETNO3HAT je Kao
KJbYYHU PaiHOHYKIINA y IPOjeKTOBAY U pafly peakTopa. Y pafy je IpeficTaB/beHa IPON3BOha TPUIIjyMa
y peakTopy AIT1000 BecTHHrxaycoBCKOT MPUCTyNa U peBUANpaHe cy ppakiyje Audys3uje Tpulujyma u3
TOPUBHUX LIUIKH [0 OBOM MOJIeJly, Y CarllaCHOCTH ca HalpeTKOM UCTpaXkuBamba Audysuje TpULujyma u3
Jerypa uupkoHujyma. Vicropuje mopgaTaka O Lypewmy TpHUIMjyMa W3 NMPETXOJHHUX peakTopa ca BeoMma
CIMYHUM AmW3ajHOM je3rpa kao AII1000, mpukymbeHn cy M copTupaHH. [Ipema CTaTHCTHYKHM
pe3yaTaTiMa, IpOCeYHO Lypewe TpUlMjymMa MpUOIUKHO OfroBapa TPULKjyMy HAaCTaJIOM HEYTPOHCKOM
aAKTUBaILlMjoM OOpHE KUCEINHE U IUTUjYM XUJPOKCH/IA 1 nmokasyje f1a ce ppakuyja ocnodabamwa Tpunujyma
KpO3 KOLIy/bUIle FOPUBA Ca JIErypoM IUPKOHUjyMa MOXKe 3aHeMapUTH MPHU Ha]60.TLO] MPOIICHH CTamba.
OcnoGabame Tpnuu]yMa U3 CEeKYHAapHMX HEYTPOHCKHX M3BOpa MOTBpbheHO je mopebemem I/ICTOpI/I]e
ypera TPUIUjyMa 13 MPETXOHUX PeakTopa ca u 6e3 CeKyHAapHuX u3Bopa. Ilopey Tora, yKasaHo je 1a Ha
JIOKaJHe MaKCHUMallHE eMUCHje TPULKjyMa U3 aMepUUKUX peakTopa ca BOJOM HOJ] IPUTHUCKOM 3HA4ajHO
yTUYE KOJIWYUHA UCMYIITaka TEYHOCTH, TOCeOHO Npe WM TOKOM peMoHTa. To moMmaxke mpeno3HaBamy
CTBapama TpPHUIMjyMa y IPUMapHUM IeT/baMa U ONTHMHU3Yje YIpaBbamke PAAHOAKTHBHUM EMHCHjaMa
peakTopa AIT1000 y 6yayhHoCTH.

Kmwyune peuu: iupuyujym, yyperve, AI1000, peakitiop ca 8000M H00 UPUTHUCKOM




