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six Generation IV reactor designs. New fuels compatible with lead coolant are also being studied and nitride 

fuels seem to be the best alternative.  

The aim of this work is to offer an overview about the use of lead as coolant in fast reactors and to study the 

use of Uranium Nitride (UN) as fuel in this technology. UN seems to have proper thermal and physical 

characteristics and is chemically stable, but its production presents some difficulties and radioactive 14C is 

generated when it is irradiated inside the core.  

This work is focused in studying the 14C production in lead-cooled reactors and determining the necessary 15N 
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1. Introduction 

The increasing energy demand to meet human needs is one of the main issues presently 

discussed worldwide, owing to the future population grow which is estimated to be from 6.6 

billion people today to 9 billion by 2050 [1]. In addition, the necessary 70 % reduction of the 

greenhouse gas emissions by 2050 to avert catastrophic change in the climate system [1] will 

require a global clean-energy economy and, consequently, a new energy production 

distribution.  

Nuclear energy is being considered as an important technology to achieve these necessities. 

This technology produces presently 16 % of the world electricity with 438 power plants in 

operation around the world [2] and a clear increment of its contribution is predicted (Fig. 1.1).  

 

Fig. 1.1 – Global clean-energy need and supply (The term Fossil CCS means Fossil Carbon 

Capture and Storage) [1] 

Two boundaries of future nuclear energy supply are estimated (Fig. 1.1) depending on a 
combination of factors, such as new ore discoveries, advanced mining techniques, use of 

uranium “tailings”, more reprocessing, introduction of the thorium fuel cycle and, ultimately, 

employment of breeder reactors [1].  

The low trajectory assumes that all nuclear capacity which is now being developed in pipeline 

or under construction gets completed and attached to the grid, but no other capacity is added. 

However, the 2,050 GW predicted with this low boundary by 2050 represents more than a 

five-fold increase over today's nuclear capacity [1]. Despite the high increment predicted with 

both boundaries, a clean-energy gap is still predicted (Fig. 1.1). 
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The reactors nowadays under construction are part of the Generation III or III+ and are based 

on well known technologies. However, a new generation based on more sustainable principles 

and completely different technologies is being studied deeply. These Generation IV reactors 

are mostly fast breeder reactors, which are believed to be the most realistic and efficient 

solution to stabilize the chemical fuel consumption by allowing more efficient use of uranium 

resources and the burn of actinides, which are the long-lived component of high-level nuclear 

wastes. 

One of these new technologies uses UN as fuel and liquid lead as coolant. The first part of this 

Final Project offers the reader an outlook about the application of lead as coolant and explains 

the main characteristics of Fast Reactors (FR) and the benefits and challenges of using lead as 

coolant in this technology. Secondly, a brief description of nitride fuels is given, followed by 

the description of the benefits and challenges of UN fuel in FR and the explanation of some 

specific considerations about lead coolant technology. Third, the program employed to 
develop the simulations and the reactor design used are described and the steps followed to 

study the production of 14C in lead cooled reactors and the results obtained are explained. 

Finally, the conclusions extracted from the study results are described and some extra 

information is attached in the Appendixes. 

  



 

2. Background 

The aim of this section is to present a general overview about the use of lead as coolant in the 

past and the possible application 

historical outlook is given, followed by the description of the main characteristics o

Secondly, some information about lead is given and the benefits and challenges of this coolant 

are described. Finally, nitride fuels are described and UN is presented in more detail, followed 

by the description of its benefits and challenges.

 

2.1. Liquid metal cooled fast reactors. Historical outlook

The choice of the primary coolant is of great significance to achieve high performances 

because the coolant determines the main design approaches and the technical and economical 

characteristics of a nuclear power plant. 

The proper coolant to be used in 

metals and gases were proposed, such as s

helium, CO2, H2O and D2O as gas

the 1960s due to its thermal and physical properties

This preference was mainly caused by the world

sixties (Table 2.1). Sodium accomplishes 

breeding ratio due to its higher power density achievable inside the core, in comparison with 

other coolants. Despite this, liquid lead

submarine reactors in the former Soviet Union in 

Table 2.1 – First Goals and Design Objectives for Breeder Reactors

The nuclear power research in general

during the 1970s and 1980s due to some events that changed drastically t

power industry, such as the oil crisis in 19

those years. Furthermore, the accidents at nuclear power plants (Three Mile Island in 1979 and 

Chernobyl in 1986), the higher risk of nuclea

estimated higher prices of FR in comparison with Light Water Reactors (LWR) are some other 

causes of this halting [6]. 

The strategic line followed in 

are presently being considered for the next generation of 

to some drawbacks of sodium technology, such as the possibility of fire danger in case of its 

leakage or interaction with air or water. Furthermore, the elimin

3 

tion is to present a general overview about the use of lead as coolant in the 

past and the possible application of it when using UN as fuel in the future. First, a brief 

historical outlook is given, followed by the description of the main characteristics o

Secondly, some information about lead is given and the benefits and challenges of this coolant 

are described. Finally, nitride fuels are described and UN is presented in more detail, followed 

by the description of its benefits and challenges. 

iquid metal cooled fast reactors. Historical outlook

The choice of the primary coolant is of great significance to achieve high performances 

because the coolant determines the main design approaches and the technical and economical 

lear power plant.  

The proper coolant to be used in FR has been discussed since 1950s, when several liquid 

were proposed, such as sodium, lead and lead-bismuth as liquid coolants, or 

O as gaseous ones. However, sodium gained the widest acceptance in 

the 1960s due to its thermal and physical properties [3].  

This preference was mainly caused by the world-wide strategic line of FR development in the 

). Sodium accomplishes the requirements of low doubling time and high 

breeding ratio due to its higher power density achievable inside the core, in comparison with 

this, liquid lead-bismuth was used as coolant in some Alfa class 

submarine reactors in the former Soviet Union in the late 1960s and 1970s [4]. 

First Goals and Design Objectives for Breeder Reactors

The nuclear power research in general, and the development of FR concretely was halted 

during the 1970s and 1980s due to some events that changed drastically the situation in the 

power industry, such as the oil crisis in 1970s or the increased rate of natural gas production

those years. Furthermore, the accidents at nuclear power plants (Three Mile Island in 1979 and 

Chernobyl in 1986), the higher risk of nuclear weapons in case of closed fuel cycles and the 

estimated higher prices of FR in comparison with Light Water Reactors (LWR) are some other 

The strategic line followed in first FR developments has been abandoned and other coolant

are presently being considered for the next generation of nuclear reactors (Generation IV) due 

to some drawbacks of sodium technology, such as the possibility of fire danger in case of its 

leakage or interaction with air or water. Furthermore, the elimination of the requirements of 

tion is to present a general overview about the use of lead as coolant in the 

future. First, a brief 

historical outlook is given, followed by the description of the main characteristics of FR. 

Secondly, some information about lead is given and the benefits and challenges of this coolant 

are described. Finally, nitride fuels are described and UN is presented in more detail, followed 

iquid metal cooled fast reactors. Historical outlook 

The choice of the primary coolant is of great significance to achieve high performances 

because the coolant determines the main design approaches and the technical and economical 

has been discussed since 1950s, when several liquid 

bismuth as liquid coolants, or 

m gained the widest acceptance in 

wide strategic line of FR development in the 

ng time and high 

breeding ratio due to its higher power density achievable inside the core, in comparison with 

bismuth was used as coolant in some Alfa class 

].  

 

First Goals and Design Objectives for Breeder Reactors [5] 

and the development of FR concretely was halted 

he situation in the 

natural gas production 

those years. Furthermore, the accidents at nuclear power plants (Three Mile Island in 1979 and 

r weapons in case of closed fuel cycles and the 

estimated higher prices of FR in comparison with Light Water Reactors (LWR) are some other 

has been abandoned and other coolants 

reactors (Generation IV) due 

to some drawbacks of sodium technology, such as the possibility of fire danger in case of its 

ation of the requirements of 
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short doubling time and high breeding ratio has opened the possibility to consider other 

coolants. 

The lead cooled technology is one of the possibilities that are presently being studied deeply. 
Several experimental programs are ongoing world-wide (USA, Europe, South Korea, Japan and 

Russia) for the development of Heavy Liquid Metal (HLM) cooled fast reactor since the  late 

1990s. 

Russia started again the development of fast reactors with the lead-cooled BREST (Russian 

acronym for Pb-cooled fast reactor) concept in the early-1990s, which was followed by the 

Lead Bismuth Eutectic (LBE) cooled SVBR (Russian acronym for lead-bismuth fast reactor) 

concept in the late 1990s [7]. 

Republic of Korea in the Seoul National University and Japan in the Tokyo Institute of 

Technology are developing since late-1990s two different fast reactor designs using Pb-Bi as 

coolant, called PEACER (Proliferation-resistant, Environmental-friendly, Accident-tolerant, 

Continual and Economical Reactor) and PBWFR (Pb-Bi-cooled Direct Contact Water Fast 

Reactor) respectively [7]. 

Moreover, lead coolant technology has been chosen for one of the six Generation IV reactors, 

whose main goals are sustainability, economics, safety, reliability, proliferation resistance and 

physical protection.  

This lead-cooled innovative system is known as Lead-cooled Fast Reactor (LFR) and it uses Pb 

or Pb-Bi as coolant (Table 2.2) and UN, UC (Uranium carbide) or UO2 (Uranium dioxide) as fuel 

[3].  

 

Table 2.2 – Generation IV Reactor Technologies [8] 
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Two different LFR concepts are presently being designed, the SSTAR (Small Secure 

Transportable Autonomous Reactor) developed in the USA and the ELSY (European Lead-

cooled System) developed by the European Commission [9]. 

These two LFR concepts are designed to use nitride fuels, including UN or modified UN fuel 

(UN fuel with chemical additives), and the ELSY conceptual design also considers the possibility 

to use MOX (Mixed Oxides) fuel. 

This paper studies the application of UN fuel in fast reactors using lead as coolant, and 

concretely, the 14C production due to the 14N of the fuel considering different 15N enrichment 

scenarios. To develop the simulations the Russian BREST reactor design has been used as a 

reference. 

 

2.2. Fast reactor characteristics  

Fast reactors are a technological step beyond conventional power reactors and just about 20 

FR have been operating and supplying electricity commercially since the 1950s (Table 2.3). 

Nevertheless, this technology is presently being studied deeply because most of the 

Generation IV reactor designs are fast [10]. 

 

Table 2.3 – Fast neutron reactors (E=experimental, D=Demonstration or prototype, 

C=commercial) [10] 

Two different FR concepts can be distinguished depending on their ratio of final to initial fissile 

content. If this ratio is higher than one, which means the production of fissile material is higher 

than the consumption, they are called breeders, whereas if it is lower than one, they are called 

burners. This section only considers Fast Breeder Reactors (FBR) from now on. 

FBR can utilise uranium about 60 times more efficiently than thermal reactors and less fissile 

material is required to maintain the chain reaction. However, they are more expensive to build 

and operate and their application is only justified economically if uranium prices remain above 

1990s low levels [10].  



 

They have no moderator and rely on fast neutrons to cause fission, which for uranium is less 

efficient than using slow neutrons and higher enrichments are necessary

Therefore, FRs usually use plutonium as the

neutrons to keep going and produces 25% more neutron

are enough neutrons to maintain the chain reac

time [10]. 

The conventional FBRs built so far consist of a core surrounded by a fertile blanket of depleted 

uranium (238U), where most of the 

because of the low neutron flux

other FBR cores. Nevertheless,

and consumption of plutonium occur at the same time, and a stainless steel reflector 

surrounding it. Although this configuration has lower breeding ratio

non proliferation principle. 

Two core designs have been used, which differ from each other in the disposition of their 

primary heat exchangers and pumps. As sho

in the reactor tank in the pool type

Fig. 2.1

The FBR cores are much smaller than those of a ther
temperatures (between 500ºC and 800ºC)

densities and require very efficient heat transfer mediums, which are normally liquid metals. 

These coolants allow working at lower pressures thus needi

structures than conventional nuclear reactors.

 

2.3. Lead coolant 

Lead is considered a heavy metal and 

the stable elements, although 

to its long half-life of 1.9×10

universe). [11, 12] 

It has four natural isotopes 

formed from the radioactive decay of two isotopes of uranium (
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They have no moderator and rely on fast neutrons to cause fission, which for uranium is less 

efficient than using slow neutrons and higher enrichments are necessary (ov

Therefore, FRs usually use plutonium as the basic fuel because it fissions sufficiently with fast 

neutrons to keep going and produces 25% more neutrons than uranium, which means

are enough neutrons to maintain the chain reaction and to breed 239Pu from 

The conventional FBRs built so far consist of a core surrounded by a fertile blanket of depleted 

), where most of the 239Pu is produced. This blanket remains almost pure 

utron flux in this area and can be reprocessed to use the 

Nevertheless, future FBRs will just have a simple core, where the production 

and consumption of plutonium occur at the same time, and a stainless steel reflector 

rrounding it. Although this configuration has lower breeding ratios, it is preferred due to its 

Two core designs have been used, which differ from each other in the disposition of their 

primary heat exchangers and pumps. As showed in Fig. 2.1, these components

the pool type and situated outside of it in the loop design. 

Fig. 2.1 – Liquid metal cooled FBR designs [11] 

cores are much smaller than those of a thermal nuclear reactor and 
between 500ºC and 800ºC) [8]. As a consequence, they have higher power 

densities and require very efficient heat transfer mediums, which are normally liquid metals. 

These coolants allow working at lower pressures thus needing less robust

conventional nuclear reactors. 

Lead is considered a heavy metal and its atomic number is 82, which is the highest one of all 

the stable elements, although that of bismuth is 83 and it is sometimes considered stable due 

1.9×1019 years (more than a billion times the estimated age of the 

has four natural isotopes 204Pb, 206Pb, 207Pb, and 208Pb, the three last ones are stable and 

tive decay of two isotopes of uranium (235U and 238U

They have no moderator and rely on fast neutrons to cause fission, which for uranium is less 

(over 20% U-235). 

basic fuel because it fissions sufficiently with fast 

s than uranium, which means there 

Pu from 238U at the same 

The conventional FBRs built so far consist of a core surrounded by a fertile blanket of depleted 

is produced. This blanket remains almost pure 239Pu 

in this area and can be reprocessed to use the 239Pu as fuel in 

future FBRs will just have a simple core, where the production 

and consumption of plutonium occur at the same time, and a stainless steel reflector 

, it is preferred due to its 

Two core designs have been used, which differ from each other in the disposition of their 

ese components are immersed 

and situated outside of it in the loop design.  

 

 operate at higher 
As a consequence, they have higher power 

densities and require very efficient heat transfer mediums, which are normally liquid metals. 

ng less robust engineering 

82, which is the highest one of all 

considered stable due 

(more than a billion times the estimated age of the 

Pb, the three last ones are stable and 

U) and one isotope 



 

of thorium (232Th), whereas the 

but considered stable due to its long half

Fig. 2.2 

All isotopes of lead have 82 protons, which is considered a magic number in nuclear physics 

field because the nucleons (either protons or neutrons) are arranged into complete shells 

within the atomic nucleus (Fig. 2.2

nuclear decay as they have higher average binding energy per nucleon than expected

2.3).   

Fig. 2.3 

There are also some instable lead isotopes with all 

years), 202Pb (53,000 years) or 

radioisotopes (Fig. 2.4 and 2.5

of 22.20 years [12]. 
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), whereas the 204Pb is entirely a primordial nuclide and slightly radioactive

but considered stable due to its long half-life of 1.4x1017 years. [11, 12] 

 

Fig. 2.2 - Electron shell diagram for Lead [11] 

isotopes of lead have 82 protons, which is considered a magic number in nuclear physics 

nucleons (either protons or neutrons) are arranged into complete shells 

Fig. 2.2). The nuclei with this characteristic are more stable against 

nuclear decay as they have higher average binding energy per nucleon than expected

 

Fig. 2.3 – Graph of isotope stability [13] 

There are also some instable lead isotopes with all type of half-life, such as 205

Pb (53,000 years) or 212Pb (10.64 h), most of them formed in decay chains of

4 and 2.5), but also some naturally occurring like the 210Pb, 

is entirely a primordial nuclide and slightly radioactive 

isotopes of lead have 82 protons, which is considered a magic number in nuclear physics 

nucleons (either protons or neutrons) are arranged into complete shells 

The nuclei with this characteristic are more stable against 

nuclear decay as they have higher average binding energy per nucleon than expected (Fig. 

205Pb (15.3 million 

Pb (10.64 h), most of them formed in decay chains of different 

Pb, with a half-life 



 

 

Fig. 2.4 and 2.5 – Decay chain of 

Lead is rarely found in nature as pure metal

copper, so it is normally extracted together with the
(PbS) (Fig. 2.6), which contains 86.6% lead, and other common varieties are cerussite (PbCO

and anglesite (PbSO4).  

Most part of the ores extracted from mine
problem because ores with 3% lead content or more can be economically exploited by 

different technologies depending on the purity desired. 
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Decay chain of 
232

Th and detail from 
212

Pb to 
208

Pb (stable) [14, 15] 

found in nature as pure metal, but usually in an ore mixed with zinc, silver and 

copper, so it is normally extracted together with these metals. The main lead mineral is galena 
, which contains 86.6% lead, and other common varieties are cerussite (PbCO
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The most applied methodology consists of crushing the ores and concentrate them (typically 

to 70% or more) by froth flotation. After this, the ores are roasted, producing mainly lead 

oxide mixed with sulfates and silicates of lead and other metals contained in the initial ore.  

The next steps are, first reducing the obtained lead oxide in a coke-fired blast furnace to 

convert most of the lead to its metallic form, and second separating it from the slag (silicates 

containing 1.5% lead), matte (sulfides containing 15% lead) and speiss (arsenides of iron and 

copper) formed inside the furnace. 

Metallic lead resulting from these steps still contains significant contaminants of arsenic, 

antimony, bismuth, zinc, copper, silver, and gold. For this reason, it is treated in a 

reverberatory furnace with air, steam, and sulfur to oxidize the contaminants except silver, 

gold, and bismuth, and the oxidized contaminants are removed by drossing. 

In addition, metallic silver and gold are usually removed and recovered economically by means 

of the Parkes process, and the resulting melt is treated with metallic calcium and magnesium 

to remove the bismuth by Betterton-Kroll process. 

 

Table 2.4 – Chemical composition of commercial lead, wt. % [16] 

After these treatments, lead is nearly pure (Table 2.4) and is ready to be used in various 

applications, such as radiation shielding, sound damping layer, electrodes for electrolysis 

process or fast reactor coolant. The principal benefits and challenges of this last application are 

presented in the following sections. 

 

2.3.1. Benefits of lead coolant 

The main benefits of lead are its low neutron moderating power, its high boiling temperature 

and its chemical stability with air and water. These properties are presented below: 

 

Neutron moderating power 

Lead has a low relative moderating power if compared to the one of Na (Table 2.5), which 

ensures the hard neutron spectrum needed for breeding and allows to use wide lattices, 

reducing the necessary power consumption for pumping and permitting to use sheathless fuel 

assemblies to exclude their overheating during local flow blockage.  
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Table 2.5 – Basic characteristics of reactor coolants [7] 

This effect is mainly caused by its high scattering cross-section (Table 2.5), which ensures small 

leakage of neutrons from the core and, as a consequence, better neutron economy. However, 

part of this beneficial effect is reduced by its high fast neutron absorption cross-section which 

increases the loss of neutrons inside the core. 

 

Boiling temperature 

The boiling temperature of lead is 1737ºC, which is considerably higher than that of the rest of 

coolants indicated in the Table 2.5. This is an important safety feature because it allows to 

work at higher temperatures and lower pressures.  

The high working temperatures improve the reactor thermal efficiency, while the high boiling 

point excludes the possibility of coolant boiling in case of accident. On the other hand, the low 

working pressures simplify the equipment design, manufacture and operation conditions. As a 

result, the high boiling temperature of lead increases the facility reliability and safety. 

 

Inert to air and water 

Lead does not react chemically with air or water as Na (Table 2.5), which means there is no 

possibility of explosion or fire because there is no liberation of hydrogen when it interacts with 

them, for instance in case of rupture in the primary loop. This makes it possible to realize a 

two-loop scheme to remove the heat, which simplifies the facility construction and at the 

same time enhances reactor safety. 

 

2.3.2. Challenges of lead coolant 

The main challenges of lead are its low thermal capacity, the possible corrosion of core 

structural materials, high melting temperature and contamination during operation. These 

properties are presented below: 

 

Thermal capacity 

The thermal capacity of lead is considerably lower than that of sodium and, although it has a 

higher density, this value is not high enough to compensate for the hydraulic resistance of the 
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core. Because of this, if lead is used as coolant with equal conditions as sodium, the pressure 

drop is 7 times higher. 

To decrease lead core hydraulic resistance the flow cross section area in the core should be 
increased by reducing the volumetric fuel fraction and increasing the core diameter. Since high 

core dimensions are not desirable because they imply a cost increase, using a fuel with high 

fissile material densities is a good alternative to high diameter increments and it reduces 

considerably the volumetric fuel fraction inside the core. 

 

Structural materials corrosion 

Corrosion-resistance of structural materials is necessary to ensure its integrity and, as some 

studies show, depends on oxygen concentration in liquid lead. At a definite level of dissolved 

oxygen concentration the development of corrosion processes is inhibited due to formation of 

a protective oxide film on steel surfaces.  

However, if local corrosion appears at separate corrosion-erosive centres, structural steel core 

components could be damaged. This kind of corrosion appears at temperatures higher than 

550ºC and after some hundreds hours under the following conditions: unbalance of alloying 

and impurity elements in steel, poor quality of metal, absence of quality control of coolant, 

non−optimal coolant flow regimes [17]. 

To prevent structural materials from suffering corrosion damages these working conditions 

should be avoided and strict controls of oxygen content must be done (further information in 

section 2.5.1). In addition, at high temperatures the presence of silicon in steel is an 

indispensable condition of corrosion blocking. For this reason, steels used for heavy liquid 

metal coolant applications normally have a silicon content that varies from 1 up to 3.5% [17]. 

 

Melting temperature 

The lead melting temperature of 327.46ºC [11] creates some difficulties when it is used as 

reactor coolant. First, the working range of temperatures is decreased due to this high value 

and the upper temperature limitation of 550 ºC, since structural materials cannot be allowed 

to reach higher temperatures [8]. 

 

Fig. 2.7 – Ellingham diagram for lead-bismuth eutectic melt (Note: Liquid lead is rather similar 

to the lead-bismuth eutectic in its physics and chemistry behaviours) [18, 19] 
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Secondly, the amount of impurities is higher if compared to other coolants as a consequence 

of the necessarily higher working temperatures (Fig. 2.7), thus affecting coolant quality and 

increasing the maintenance procedures needed.  

In addition, the high melting point of lead forces to preheat secondary loop water up to higher 

temperatures than with other technologies (340ºC in case of BREST reactor) [20] to ensure no 

coolant freeze. This worsens the controllability of the feed water system and forces to have 

less compact steam generators. 

Nevertheless, in case of accident this high melting temperature preclude accidents involving 

loss of coolant and core cooling, melting of fuel elements or leakage of radioactive lead out of 

the core, due to lead freezing and crack remedy. 

 

Coolant contamination 

Oxygen is the most important impurity because it reacts perceptibly with lead and also with 

some structural steel components forming several oxides (Fig. 2.7). Its presence inside the core 

is due to several sources (Table 2.7), such as depressurization of a loop in cold or heated state 

or the interaction between lead and atmospheric oxygen in case of an accident. 

 

Table 2.6 – Typical impurity sources in nuclear HLM systems [17] 

There are also other contamination sources apart from oxygen and its corrosion products in 

the coolant, such as activation products from fission or corrosion products and light particles 

produced inside the core like hydrogen (Table 2.6).   

All these compounds receive the name of "slag" and may deposit on the circuit surfaces 

affecting to coolant thermal-hydraulic properties, for instance, reducing the overall heat 

transfer capacity, increasing the hydraulic resistance of the coolant or causing the pumps and 

fixture failure. On account of this, the content of oxygen in coolant is strictly controlled and 
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several maintenance treatments are done in normal operation of the circuit (further 

information in section 2.5.1).   

 

2.4. Nitride fuels 

Nitrides have been proposed as materials for fast neutron systems since the beginning of 

nuclear fuel development owing to their suitable properties. They were studied in the 1950s 

and 1960s, just parallel to oxide fuel production, but research in nitride fuels was halted later 

on due to their preferable application in FR and the non-research period of this technology 
during the 1970s and 1980s. However, they are now gaining attention as fuels for Generation 

IV reactors, such as the LFR, the GFR (Gas-cooled Fast Reactor) or the SFR (Sodium-cooled Fast 

Reactor) [3]. 

Different nitrides have been studied and experimentally produced, such as UN, PuN or a 
combination of them (U,Pu)N. Presently, some studies are considering the use of mixed 

nitrides based on zirconium to optimize the burnup of the fuel and to reduce the toxicity of 

nuclear waste [21]. Moreover, other researchers are focusing their investigations to evaluate 

modified uranium nitride fuels to achieve long core life with compact reactor designs by 

enhancing the fuel properties [22].  

Mononitride fuels are more stable, can achieve higher burnup and have higher actinide 

densities than other nitrides (i.e. dinitrides or sesquinitrides), features of special interest for 

their application in fast reactors. In contrast, they are more difficult to synthesize and their 

production is more laborious. 

The choice of the best nitride to be used in FR is not discussed in this paper mainly because 

this is not the aim of the study and also because the quantity of 14C produced is just in relation 

with the 14N content in the compound. For this reasons and considering that the nitrides to be 

used in FRs are mononitride, UN has been used as fuel to develop the simulations. The general 

characteristics and the benefits and challenges of this fuel are described below. 

 

2.4.1. Uranium mononitride 

Uranium mononitride is a ceramic compound with molecular formula UN and FCC crystal 

structure, as showed in Fig. 2.8. Its density varies as a function of temperature but it stays 

around 14 g/cm3 at normal FR operating temperatures (Fig. 2.9). 

 

Fig. 2.8 – UN crystal structure [23] 



 

Fig. 2.9 – UN density (g/cm3) correlation with temperature (K) [24]

Two different types of UN can be distinguished in function of its density. If 

the Theoretical Density (TD), the compound is considered of high density, whereas if the value 

is lower, it is considered as low density UN. 
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Fig. 2.10 – Schematic representation of UN fuel pellet performance [25] 

On the other hand, the same analysis shows that low density UN tends to restructure and form 
centre voids (Fig. 2.10), and that fuel, fission products, liners and cladding interact between 

them. In addition, transport of UN from the fuel centreline to the cladding walls is observed, 

suggesting dissociation of UN from hot regions and reformation in cold regions. 

As conclusions, low density UN or high operating temperatures are undesirable characteristics, 

while higher burnup and longer fuel cycles can be reached if fuel is irradiated at proper 

conditions.  

The principal benefits and challenges of this compound are presented in the following 

sections. 

2.4.2. Benefits of uranium mononitride 

The main benefits of UN are its high thermal conductivity and high melting point, its high fissile 

actinide density and its low fission gas release. These properties are presented below in more 

detail: 

 

Thermal conductivity and melting point 

UN has a thermal conductivity of 23 W/m·K at 1000 K (Fig. 2.11), value 10 times higher than 

that of UO2 at the same temperature, 2,3 W/m·K [22]. The effect of these different values is 

showed in Fig. 2.12, where the temperature profiles of different fuels working under the same 

conditions are represented.  
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Fig. 2.11 – UN thermal conductivity (W/m·K) correlations with temperature (K) [24] 

The higher the thermal conductivity, the softer is the temperature profile and the lower is the 

thermal stress in fuel pellets thus producing less cracking. This allows to operate at higher 

linear power and higher fuel temperatures than those of conventional nuclear reactors.  

 

Fig. 2.12 - Temperature profile for a 20 mm diameter fuel pellet with a power density of 500 

MW per cubic meter [26] 

In addition, the high UN melting point of 2630 ºC contributes positively to work at high 

temperatures ensuring a considerably long margin of time before fuel starts melting in case of 
emergency situation. However, some studies certify the possibility of nitride dissociating below 

the melting point, so the fuel melting temperature should never be reached.  
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Fissile atom density 

UN has a relatively high fissile atom density if compared to UO2, with 13,52 gU/cm3 against 

9,66 gU/cm3 respectively [22]. As it has been mentioned above, this is an important fuel 

characteristic which helps to reduce its volumetric fraction inside the core, decreasing coolant 

hydraulic resistance. 

 

Fission gas release 

Fission gas release is very low at temperatures up to 1600 K for low density UN and up to 1800 

K for high density UN, whereas it clearly increases at higher temperatures for both cases, 

especially for low density UN (Fig. 2.13). On the other hand, fission gas release rate apparently 
increases linearly with burnup and it is approximately three times lower for high density UN 

(Fig. 2.14). These results were obtained in Los Alamos National Laboratory in the 1990s, when 

UN fuel pellets for the SP-100 reactor were tested. 

 

Fig. 2.13 and 2.14 – SP-100 UN fission gas release as a function of burnup and temperature [25] 

Storm [24] proposed in 1988 an equation to predict UN fission gas release with the form: 

��� � ���
��.�����

���.��
� �.�!"�#$�

  

where FGR is percent of fission gas released, TD is percent of theoretical fuel density, BU is 

burnup in atomic percent of uranium, and T is average fuel temperature in degrees  Kelvin. 

Fig.2.15 uses this equation to show the influence of temperature, burnup and UN density in 

the release of fission gas. 
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Fig. 2.15 – Predicted effects of burnup, temperature and density on UN fission gas release [25] 

The main cause of this release is that fission gases generated inside UN grains tend to diffuse 

to the grain boundaries and form gas bubbles (Fig. 2.16), which can be situated in a grain face 

boundary (shared by two grains) or a grain edge boundary (shared by three grains).  

 

Fig. 2.16  – SP-100 UN at 57MWd/tU burnup. Fuel structure showing porosity at grain 

boundaries (SP3RR Test) [24] 

The bubbles can grow along the grain boundaries and can eventually touch the fuel external 

surfaces. If this happens they are called open bubbles because the fission gases are 

instantaneously released out of the fuel (Fig. 2.17).  
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Fig. 2.17 – Schematic representation of grain edge bubbles at a low fission gas release state 

[27]  

A secondary cause of these releases is the fuel pellet cracking that can occur during irradiation, 

increasing the fuel surface to volume ratio and augmenting the probability of fission gas 

releases (Fig. 2.18).  

 

Fig. 2.18 – Schematic representation of fission gas release by pellet cracking [27] 

Fission gas releases produce an increment in the internal gas pressure of the fuel pellet and 

contribute to increase the fuel pellet diameter over lifetime, limiting the achievable burnup. 

Since high burnup values are desirable, low fission gas releases are necessary to reduce the 

downtime for refuelling, the number of fresh fuel elements required and spent fuel elements 

generated, and to decrease the potential for diversion of plutonium from spent fuel for use in 

nuclear weapons. 

 

2.4.3. Challenges of Uranium mononitride 

The main challenges of UN are its production and the 14C generation during its irradiation. 

These difficulties are described below: 
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UN production 

UN has been experimentally produced by different methodologies since the late 1950s, such as 

carbothermic reduction of UO2 prior to nitration, direct nitration of NH3, nitration by arc 

melting of uranium metal, or hydration of pure uranium metal prior to nitration. However, the 

only route demonstrated for high purity UN production is the carbothermic reduction prior to 

nitration synthesis technique.  

The most accepted route of this methodology is the process investigated by Matthews et al. 

based in previous studies of Muromura et al. It consists first in a carbothermic reduction of a 

UO2 and carbon powder mixture carried out in an evacuated induction furnace (P = 10-8 atm) 

connected to a gas supply system, and followed by a nitration between 1400ºC and 1600ºC in 

a 1 atmosphere reactant gas stream (N2 – 6% H2) [28].  

This method presents a strong correlation between time conversion from the oxide to nitride 

needed, reaction atmosphere and C/UO2 ratio. Concretely, Muromura et al. observed that 

reaction time decreases with increasing temperature and C/UO2 ratio decreases with 

increasing hydrogen content in the reaction atmosphere [28]. 

Furthermore, Matthews et al. note that residual oxygen and carbon levels are very sensitive to 

batch size and reducing-gas flow rate. Therefore this would likely be a difficult route to large 

scale production due to the high reaction temperatures and the significant infrastructure 

investment required.  

Nevertheless, the starting materials (UO2 and C) are less expensive than the ones used in other 

methods and the final product is significantly more pure than that of similar routes, with 500 

to 1000 ppm impurity concentration [28]. These last two arguments are the main reasons to 
consider this route the most appropriate, although other methodologies have not been 

rejected yet. 

 

14C generation 

14C is a radioactive isotope of carbon which is produced naturally in the upper atmosphere by 
the reaction of 14N with the neutrons originating from cosmic rays. It has a considerably low 

natural abundance (Table 2.7), concretely 1.5·10-10 % natural carbon is 14C, while 99% is 12C and 

the rest is 13C. The half-life of 14C is 5.700 years, a feature that makes 14C an important 

radionuclide in radioactive wastes. [29, 30] 

 

Table 2.7 – Radioactive properties of C-14 [29] 
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Its natural abundance has been increased about 3% during the last decades by human 

activities, mostly through atmospheric nuclear weapons testing but also through nuclear 

reactor emissions (Table 2.8).  

 

Table 2.8 – Global estimates of 
14

C production rates and reservoirs [30] 

Nuclear reactor emissions of 14C are due to its formation by three different reactions (Table 

2.9), but in the studied case its production is mainly caused by the reaction of neutrons from 

fissions with the 14N present in fuel through 14N(n, p)14C reaction and with some impurities of 

the structural materials, such as the 13C present in the cladding. To simplify the study and 

considering that the carbon weight content in the EP-823 alloy (cladding material) is 0.14% 

[31], these impurities have not been considered. 

 

Table 2.9 – 
14

C production mechanisms and cross-sections [30] 

The 14C produced in reactors is mainly contained in reactor facilities (trapped in fuel, structural 

materials and in-house waste holding structures) or in licensed waste management sites. 

However, it is known that some emissions of gases such as 14CO2 or hydrocarbons occur if 

water is used as coolant because it contains 17O, 14N and 13C (Table 2.10), and that some liquid 

releases containing 14C take place in waste storage sites.  

 

Table 2.10 – 
17

O, 
14

N and 
13

C content in water coolant [32] 

In the case of study, no water is used as coolant but a high quantity of nitrogen is present 

inside the core due to the fuel used. The as-fabricated fuel pellet of UN has a uniform nitrogen 

distribution but when the reactor rises the operating temperature, it is released from fuel 

surfaces into void spaces of the fuel pellet.  

Nitrogen diffuses to the surface following a concentration gradient and quasi-equilibrium is 

reached between fuel concentration at the pellet surface and nitrogen partial pressure in the 
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fuel pellet. However, equilibrium is never reached because nitrogen is lost from the fuel pellet 

by diffusion through the liner to the cladding and by migration to the exposed cladding in the 

end plug regions [23]. Consequently, the 14C is distributed in the entire core. 

Since the natural abundance of 14N is 99.63% [32], the production of 14C would be considerably 

high if no 15N fuel enrichment is done in advance. For this reason, several laboratories are 

presently studying this process and determining the optimal enrichment to minimise the 

production of 14C while ensuring economic viability.  

This paper studies the generation of this radionuclide in a lead cooled reactor (BREST design) 

considering different enrichments. The aim is to determine the influence of the 15N enrichment 

and other parameters, such as the burnup or the position occupied inside the core, in the 

quantity of 14C generated. 

 

2.5. Lead-cooled systems  

This section presents some specific characteristics that differentiate lead-cooled systems from 

other technologies, such as its specific maintenance treatments or its intrinsic safety. 

 

2.5.1. Lead coolant technology  

Lead coolant requires some procedures to ensure corrosion-erosion resistance of structural 
materials and cleanness of the coolant and loop surfaces. They are necessary due to slag 

formation (oxides of Pb and of some structural steel impurities, activation products, etc) 

mentioned above. These coolant treatments are [33]: 

• Purification by hydrogen 

• Regulation of dissolved oxygen concentration in the coolant 

• Coolant filtrating 

• Control of dissolved oxygen concentration in the coolant 

 

A brief description of these methodologies is given in the following sections.   

 

Purification by hydrogen 

The main objective of this method is to eliminate the deposits and, in addition, to recover the 

contained lead by disintegrating the deposits using gas mixtures (H2-H2O-He, Ar) and return it 

into the coolant. 

There are two possible methods to supply the gas mixtures into the loop, only into the loop 

gas volume or concurrently into the loop gas volume and directly into circulating coolant [33]. 

With the first option, hydrogen only interacts with the deposits located on coolant free 
surfaces, whereas with the second one, the gas mixture spreads along the whole loop and 

hydrogen interacts with the deposits situated in all loop sections, thus this second method is 

more effective. 

The hydrogen purification method can be divided in several processes. First, metals from the 
deposits located on coolant free surfaces and loop surface are reduced following the next 

chemical reaction: 
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%&'() + +,- ↔ /%& + +,-( 

In case of using the second option to supply the gas mixture, metals from the oxides circulating 

with the coolant are also reduced.  

Secondly, the dissolved oxygen is extracted from coolant following the next chemical reaction, 

where [O] is dissolved oxygen: 

0(1 + ,- ↔ ,-( 

Finally, oxides contained in the deposits get dissolved in the deoxidized lead following the next 

chemical reaction and the process starts again. 

%&'() ↔ /0%&1 + +0(1 
 

Regulation of dissolved oxygen concentration in the coolant 

As mentioned before in several occasions, oxygen concentration in the coolant is strictly 

controlled and maintained at specific values. This is mainly to prevent structural steel 

corrosion inside the core by keeping steel surfaces in a passive state.  

In general, oxygen concentration in coolant decreases because of steel surface oxidation and 

diffusion of impurities from steel matrix to the coolant. To increase its concentration, mass-

transfer apparatuses containing solid-phase lead oxide are applied. 

The apparatus is located in bypass piping and its operation consists in directing the coolant 

flow through this piping and the apparatus if an oxygen concentration increment is needed. 

This way, when the oxide of the apparatus contacts with the coolant, it gets dissolved in lead 

forming oxygen, which is transported along the loop. 

 

Coolant filtrating 

Oxides of lead, iron, chromium, manganese and other metals are suspended in lead coolant 

during normal operation. Their concentration can approach the value of 10-3 mass % [33] or 

higher and, as said before, they can be deposited onto loop surfaces with undesirable 

consequences. 

The aim of coolant filtration is to eliminate the solid impurities that have not been reduced by 

other methods, thus ensuring cleanness of the coolant and loop surfaces. 

 

Control of dissolved oxygen concentration in the coolant 

The oxygen concentration is the main parameter submitted to control due to its important role 

in coolant technology. Some experiments show that oxygen distribution in the loops can be 

equal or not, due to significant effect of their hydrodynamic particularities.  

These studies confirm that the main factor influencing oxygen concentration distribution is the 

temperature changing velocity of circulating coolant and, as a consequence, the coolant 

circulating velocity.  
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On account of this, a different number of oxygen sensors is necessary owing to reactor basic 

design (loop or pool type). Concretely, only one sensor is needed in case of loop design, while 

three or more sensors located in different temperature zones are necessary in case of pool 

type. 

 

2.5.2. Safety 

Lead is a natural or “intrinsic” safety coolant, which means it has some physical and chemical 

properties that ensure system safety. This way, simple structures and constructions are used 

because safety is not achieved by build-up on engineered systems or by using high 

requirements for equipment and personnel. 

To receive the qualification of intrinsically safe, a coolant should accomplish as much as 

possible the requirements listed below [34]: 

• Ensure an intensive and stable heat exchange at as low power consumption rate for 

pumping as possible;  

• Have a sufficient heat resistance;  

• Have a higher boiling temperature and a lower melting  temperature (for liquid  phase 

operation in a wide temperature and pressure range);  

• Have a low chemical activity for reducing the danger during handling and improving 

the corrosion resistance of structural materials;  

• Be accessible and convenient during storage and transportation; 

• Be stable during in−pile radiaXon exposure;  

• Have a small neutron capture and scattering cross sections (to  ensure as low losses  of 

neutrons during nuclear reactions as possible);  

• Be low-activated during exposure to radiation (to reduce the activity of the plant's 

primary circuit). 

It is not possible to fully meet all these requirements, but lead accomplish most of them due to 

its natural characteristics mentioned before, such as its low moderation and absorption of 

neutrons, its high boiling temperature or its weak interaction with air and water.  
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3. Study of 14C production in lead-cooled reactors 

The simulations developed to study the production of 14C in lead-cooled reactors are described 

in this section. First, a brief description of the program employed is given, followed by an 

explanation of BREST reactor design and a description of the simulations developed and the 

results obtained. 

 

3.1. Serpent 

Serpent is a Monte Carlo neutron transport code which is being developed at the Technical 

Research Centre of Finland (VTT) by Jaakko Leppänen since 2004 [35]. The project has been 

given the working title “Probabilistic Scattering Game” (PSG) and uses an analogue Monte 

Carlo game and the so-called k-eigenvalue criticality source method to simulate a self-

sustaining fission chain reaction. 

The Monte Carlo methods have several applications, such as criticality safety analyses, 

radiation shielding and dosimetry calculations, detector modelling or the validation of 

deterministic transport codes. However, its long running time, especially in burnup calculation, 

is probably the main reason why this methodology is not more widely used. 

On account of this, one of the main goals of the Serpent project is to show that this limitation 

can be lifted by developing dedicated Monte Carlo lattice physics codes and that the 

continuous-energy Monte Carlo method may become a viable alternative to deterministic 

codes within the near future. [35]   

Serpent is, in technical terms, a three-dimensional, continuous-energy Monte Carlo neutron 

transport code that uses an input file based on the MCNP version. MCNP is a Monte Carlo 

particle transport code developed at Los Alamos National Laboratory and it is probably the 

best known and most widely used transport calculation code based on the Monte Carlo 

method. 

The main differences to other codes are that Serpent permits burnup calculation in a 

reasonable running time and that it allows to model the geometry easier than with other 

codes. Moreover, Serpent is specifically intended for reactor physics calculations and, 

particularly, at the fuel assembly level, while other codes, such as the MCNP, are more general. 

For these reasons Serpent has been used to develop the simulations of this work.  

 

3.2. BREST reactor design 

As mentioned above, BREST is a lead-cooled fast reactor which is being studied by the Russians 

since the early 1990s. It has been chosen as reference for the simulations because its 

development is well advanced and the design details necessary to write the input files were 

available.  

Two different BREST reactor designs are being developed, with different power generation and 

different dimensions and design details (Table 3.1). Concretely, the BREST-OD-300 is an 

experimental demonstration complex of the BREST-1200 reactor to study the physical and 

thermohydraulic behaviors of lead coolant technology, but it will also be put into commercial 

operation when the tests have been completed. 



 

Table 3.1 – Main technical chara
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Main technical characteristics of BREST reactors [36

Fig. 3.1 – BREST-OD-300 reactor general view [1] 

  

cteristics of BREST reactors [36] 
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Both reactors have similar designs based on a two-loop scheme and a central circuit 

arrangement of the first loop, which means that the main circulating pump and the steam 

generators are placed outside the main reactor vessel (Fig. 3.1). In both cases, heat is removed 

using pumps that generate two different coolant levels (Fig. 3.1), and which force coolant to 

circulate through the core and the steam generators.   

In addition, the gap between the fuel and the cladding is filled with lead to provide a good 

thermal contact between them and to decrease, at the same time, the fuel temperature and 

the release of fission products from the fuel. 

There are three different zones (Fig. 3.2) inside the core which are used to smooth the radial 

distribution of energy, but instead of using different fuel enrichments as in conventional 

reactors, the energy release and the flow rate of lead in a fuel assembly is shaped by using 

different fuel rod diameters. 

 

 

Fig. 3.2 – BREST-OD-300 reactor core configuration [37] 

Both designs present an in-vessel storage of spent fuel (Fig. 3.1) where the used fuel 

assemblies stay removed from the core and protected from neutrons. This distribution permits 

to accelerate and simplify the removal of irradiated fuel from the reactor by first holding the 

fuel until the heat is released (∼0.5 year), which admits reloading and transport operations 

without forced cooling [36].  
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Fig. 3.3 – BREST-OD-300 overall survey [37] 

Moreover, the BREST-OD-300 reactor facility design also consider an on-site fuel cycle (Fig. 3.3) 

divided into two phases [36]:   

• The first phase includes sections for fabricating powder from the initial nuclear 

materials, pellets, fuel elements, and fuel  assemblies  and  is  intended  for  preparing  
the  first  fuel  loads  for  BREST-OD-300  (145  fuel  assemblies, 17.6 tons) and BN-800 

(776 fuel assemblies, 31.7 tons) in the course of a year; 

• The second phase includes sections for disassembling and regenerating irradiated fuel, 

and it will be put into operation three years after the first phase. 

Further details about BREST-OD-300 design are given in Appendix 1 of this work.  

 

3.3. Simulations 

This section presents the steps followed to study the production of 14C in the BREST core. First, 

the simulation of the entire BREST core is planned but it would take a large time, so the first 

step is to determine if this type of simulation is strictly necessary. 

The core can be divided in two parts, the inside, where the fuel assemblies are situated, and 

the reflector, which surrounds them (Fig. 3.4). First, it is necessary to study if the reflector has 

any effect on the production of 14C to establish if it should be considered or not in the 

simulations.  



 

Fig. 3.4 – BREST

With this purpose, a simulation of the whole core was run approaching 

square of 10 m side and the inside as a big rod situated in the centre

3.5). To properly define the input parameters 

fractions have been considered: 30% UN fuel, 60% lead coolant and 10% structural steel

The results obtained in this simulation, compared with those of a pin cell si

considering the reflector and using the 

that the reflector has no significant effect o

below 7% for all burnups studied.
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BREST-OD-300 reactor core: inside and reflector parts

With this purpose, a simulation of the whole core was run approaching the reflector as a 

square of 10 m side and the inside as a big rod situated in the centre of 2.3 m diameter 

To properly define the input parameters of the inside part composition these core volume 

fractions have been considered: 30% UN fuel, 60% lead coolant and 10% structural steel

 

Fig. 3.5 – Entire core simulation 

The results obtained in this simulation, compared with those of a pin cell si

considering the reflector and using the same fuel composition (Table 3.2), permit to conclude 

ctor has no significant effect on the production of 14C because the 

studied. 

Reflector

Reflector

de and reflector parts 

the reflector as a 

of 2.3 m diameter (Fig. 

these core volume 

fractions have been considered: 30% UN fuel, 60% lead coolant and 10% structural steel [37]. 

The results obtained in this simulation, compared with those of a pin cell simulation without 

), permit to conclude 

C because the difference is 

Reflector 

Reflector 
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C-14 [atoms/cm
3
 UN] 

 Burnup [MWd/tU] pincell reflector Difference 

10 1.7022E+17 1.5897E+17 6.61% 

20 3.4341E+17 3.2083E+17 6.58% 

30 5.1977E+17 4.8572E+17 6.55% 

40 6.9918E+17 6.5361E+17 6.52% 

50 8.8212E+17 8.2476E+17 6.50% 

60 1.0679E+18 9.9907E+17 6.45% 

70 1.2569E+18 1.1767E+18 6.38% 

80 1.4495E+18 1.3576E+18 6.34% 

90 1.6458E+18 1.5419E+18 6.32% 

100 1.8458E+18 1.7295E+18 6.30% 

110 2.0498E+18 1.9212E+18 6.28% 

120 2.2571E+18 2.1165E+18 6.23% 

Table 3.2 - Study of the reflector effect 

Once the reflector effect is discarded, the second step is to determine if the different fuel rod 
diameters have any effect in the 14C production inside the core. With this purpose, a 

simulation with each diameter is run and the results obtained are compared between them 

(Table 3.3 and Fig. 3.6), without showing significant difference. As the different diameters have 

no effect, there is no need to simulate the whole BREST core and from now on only pin cell 

simulations are run. 

 

C-14 [atoms/cm
3
 UN] 

Burnup [MWd/tU] Inner zone Outer zone 1 Outer zone 2 

10 1.7022E+17 1.7235E+17 1.7536E+17 

20 3.4341E+17 3.4761E+17 3.5386E+17 

30 5.1977E+17 5.2589E+17 5.3518E+17 

40 6.9918E+17 7.0730E+17 7.1996E+17 

50 8.8212E+17 8.9198E+17 9.0792E+17 

60 1.0679E+18 1.0800E+18 1.0989E+18 

70 1.2569E+18 1.2714E+18 1.2937E+18 

80 1.4495E+18 1.4667E+18 1.4925E+18 

90 1.6458E+18 1.6647E+18 1.6943E+18 

100 1.8458E+18 1.8667E+18 1.8998E+18 

110 2.0498E+18 2.0725E+18 2.1092E+18 

120 2.2571E+18 2.2824E+18 2.3218E+18 

Table 3.3 – Study of the different diameters effect 
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Fig. 3.6 – 
14

C production [atoms/cm
3
 UN] as a function of burnup for different fuel rod 

diameters 

The next step is to study if the resonance data have any effect because their consideration 

tends to enlarge quite significantly the running time of a simulation. To determine if they 

should be taken into account in the following simulations, a pin cell simulation considering the 

resonance tables is compared with two others without considering them, but with equal other 

input parameters (Table 3.4). The results show that the values obtained considering and not 

the resonance tables do not differ between them, so from now on the unresolved resonance 

data are not considered for the simulations. 

 

C-14 [atoms/cm
3
 UN] 

  Burnup [MWd/tU] SIM 1 SIM 1_no RT 1 SIM 1_no RT 2 Difference 1 Difference 2 

10 1.7022E+17 1.70501E+17 1.70299E+17 0.16% 0.04% 

20 3.4341E+17 3.43853E+17 3.43742E+17 0.13% 0.10% 

30 5.1977E+17 5.20242E+17 5.19632E+17 0.09% 0.03% 

40 6.9918E+17 6.99504E+17 6.98856E+17 0.05% 0.05% 

50 8.8212E+17 8.82201E+17 8.81383E+17 0.01% 0.08% 

60 1.0679E+18 1.06811E+18 1.06749E+18 0.02% 0.04% 

70 1.2569E+18 1.25747E+18 1.25669E+18 0.05% 0.02% 

80 1.4495E+18 1.45019E+18 1.44967E+18 0.05% 0.01% 

90 1.6458E+18 1.64695E+18 1.64603E+18 0.07% 0.01% 

100 1.8458E+18 1.84714E+18 1.84634E+18 0.07% 0.03% 

110 2.0498E+18 2.05089E+18 2.04981E+18 0.05% 0.00% 

120 2.2571E+18 2.25841E+18 2.25718E+18 0.06% 0.00% 

Table 3.4 - Study of the resonance tables (RT) effect 
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3.3.1. Pin cell simulations: Input parameters  

To develop the study of 14C production some values have been fixed and others are varied 

depending on the purpose of each simulation. For instance, all the geometric values are fixed 

and the average neutron flux is used in all the simulations, whereas the nitrogen enrichment is 

varied in each simulation, from natural until 99% 15N.  

 

Fixed parameters: 

Fuel rod diameter: 9.4 mm [37] 

Cladding thickness: 0.5 mm [37] 

Average fuel rod distance: 13.34 mm (Appendix 2) 

 

 

Fig. 3.7 – Infinite lattice pin cell simulation 

Average neutron flux: 2.35·1015 neutrons/cm2·s [37] 

Cladding composition: 85.3% Fe, 11.7% Cr, 1.1% Si, 0.7% Mo, 0.6% W, 0.6% Ni [38] 

Fuel enrichment (Uranium): 81% 238U, 19% 235U [37] 

Alloy EP-823 (cladding material) density: 7.8 g/cm3 [39] 

Lead density: 10.5 g/cm3 (Appendix 2) 

Fuel density: 14.3 g/cm3 [40] 

 

Varied parameters: 

Nitrogen enrichment: 1 - 99% 15N 

Burnup: 0.1 – 120 [MWd/tU] 

Simulation N-15 enrichment Simulation N-15 enrichment 

1 1% 10 60% 

2 20% 11 65% 

3 25% 12 70% 

4 30% 13 75% 

5 35% 14 80% 

6 40% 15 85% 

7 45% 16 90% 

8 50% 17 95% 

9 55% 18 99% 

Table 3.5 – Scheme followed for the pin cell simulations 
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3.3.2. Pin cell simulations: Output parameters  

Serpent produces automatically several output files with different parameters, but to study 

the production of 14C just its atomic density in fuel is necessary. The specific values obtained 

for each simulation are given in Appendix 3 of this work and a brief analysis of them is 

presented in the following section.  

 

3.3.3. Results and discussion 

The results obtained from the simulations show that the 15N enrichment of the fuel has a 

significant effect in the production of 14C and that this production increases linearly with 

burnup (Fig. 3.8). 

 

Fig. 3.8 - 
14

C production [atoms/cm
3
 UN] as a function of burnup for different 

15
N enrichments 

As the maximum production of 14C allowed is unknown, the quantity of 14C produced is 

compared to the amount produced in thermal nuclear reactors (Table 3.6) in order to 

determine the necessary enrichment to produce a similar amount of 14C as in conventional 
reactors. Further details about the production of 14C in thermal nuclear reactors are given in 

Appendix 4 of this work. 
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Table 3.6 – Global estimate of 
14

C production [41] 

Table 3.6 shows the PHWRs (Pressurized Heavy Water Reactor) produce the highest amount of 
14C, 31.14 TBq/GWe·year, while the PWRs (Pressurized Water Reactor) and the BWRs (Boiling 

Water Reactor) are the ones that produce the least amount of 14C, 1.4 TBq/GWe·year and 1.83 

TBq/GWe·year, respectively. To be able to compare the results obtained in the simulations 

with these values a change of units is necessary (Fig. 3.9 and Fig. 3.10). Further information 

about this change of units is given in Appendix 5 of this work.  

 

Fig. 3.9 - 
14

C production [TBq/GWe·year] as a function of burnup for different 
15

N enrichments 
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Fig. 3.10 – Detail of Fig. 3.9 

Fig. 3.10 shows that to produce the same or lower amount of 14C than in thermal nuclear 

reactors about a 92% or higher 15N enrichment is required. Furthermore, it can be observed 

that with 99% 15N enrichment (Fig. 3.10), if compared to natural isotopic abundance (< 1%) 

(Fig. 3.9), approximately a factor of 100 reduction in 14C production is reached.  
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4. Summary and conclusions 

The use of UN as fuel in lead-cooled fast reactors has been studied in this work. First, an 

overview of the application of lead as coolant since the 1950s until today and a prediction of 

future applications is given in order to provide an idea of its limited development and to 

understand the reasons of its recent resurgence. Secondly, the FR main characteristics are 

mentioned to introduce some ideas of interest to comprehend the next sections of the work. 

These explanations are followed by a description of lead metal, the manner it is obtained from 
nature and its benefits and challenges when is used as coolant in FR. To conclude this 

background section, nitride fuels are introduced and UN, its benefits and its challenges when 

used as fuel in FR are described deeply. Finally, the 14C production in lead-cooled reactors and 

the determination of the necessary 15N enrichment of the fuel is described step by step and 

the results obtained are summarized and commented. 

After this work several conclusions about the use of UN as fuel in FR can be drawn. First, UN 

seems to present good properties relating its thermal and physical characteristics and chemical 

stability which allow considering it as a good fuel for FRs. For instance, high thermal 

conductivity and high melting point of UN permit to operate at high temperatures and high 

linear power, which are some characteristics that clearly differentiate FRs from thermal ones. 

This ensures a higher thermal efficiency, less thermal stress and little fuel cracking. 

On the other hand, high fissile actinide density of UN permits to have higher flow cross section 

areas, which decreases the coolant hydraulic resistance. This fuel property is of special interest 

in lead-cooled technology because it permits to have, for the same thermal power, smaller 

core dimensions than if a fuel with lower fissile actinide density is used and, as a consequence, 

the costs are also lower. In addition, its low fission gas release, if UN is irradiated under proper 
conditions, allows to achieve high burnup, enlarging the fuel cycle and decreasing the potential 

for diversion of plutonium from spent fuel for use in nuclear weapons. 

However, UN is difficult to synthesize and its production has just been developed at laboratory 

scale due to the high reaction temperatures and the significant infrastructure investment 
required for large scale productions. For these reasons, more research is needed in this area 

until UN production can supply the necessary quantities of fuel for future lead-cooled reactor 

operation. 

Additionally, several conclusions from the results obtained with the simulations can be drawn 

to complement the ones mentioned above. First of all, the simulations show that the 14C 

production is clearly affected by the 15N fuel enrichment, as it was expected, and that this 

production increases linearly with burnup. It should be mentioned that most part of the 14C 

produced remains in the fuel and structural materials, and that only a small part is released to 

the coolant and spreads through the primary loop. The 14C produced in the fuel and structural 

materials remains in reactor systems until these items are removed and could just be released 

to the atmosphere during their long-term disposal phase or during reprocessing. In contrast, 

the 14C released to the coolant contaminates the primary loop elements and small quantities 

of 14C could be released to the atmosphere, so strict controls are necessary to avoid these 

releases. 

Furthermore, from 92% to 99% 15N fuel enrichment is needed to produce a similar amount of 
14C as in thermal nuclear reactors and a factor of 100 reduction in 14C production is reached 
with 99% 15N enrichment if compared to natural isotopic abundance (<1% 15N). It should be 

stressed that a 99% of 15N enrichment has been proposed as economically viable in some 

studies due to the cost decrease predicted. Concretely, the cost of 15N is estimated to be about 

10€/g in a near future whereas nowadays a gram of 15N costs 80€ [42]. 
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UN has proved to be a good fuel for lead-cooled reactors, although more research is needed 

until this fuel will be used in operational reactors, such as the LFR. Nevertheless, nitride fuels 

are considered as the future in nuclear fuel technology, next to carbide ones, owing to its 

beneficial properties. 

There is still a long road ahead until the first LFR will be in operation burning UN, but the first 

steps have been taken and several countries are working on its development. Despite the 

uncertainties typical of being in the first steps of a new technology, the LFR is considered as 

one of the main alternatives to substitute conventional reactors in the future.  
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Appendix 1: BREST-OD-300 reactor [37] 

1. General Information 
 

Administrative and responsible authority: Agency for Atomic Energy 

 

Nominal full power 

Thermal: 700 MWth 

Electric: 300 MWe  

 

Coolant 

Primary circuit: lead 

No secondary circuit 

Mixed coolant temperature in primary circuit at inlet to SG (Steam Generator): 540 °C 

 

Steam conditions (at turbine inlet, full power) 

Temperature: 525 °C 
Pressure: 27 MPa 

 

Primary circuit configuration: pool 

 

Drive fuel charge: PuN-UN-MA (Minor Actinides) 

 
 
2. Core and blanket layout or geometry 
 
General core and blanket configurations 

Core geometry: Q (Approximately circular/cylindrical) 
Blanket geometry: no radial and axial blankets 

Core restraint system: P (Passive restraint using contact pads) 

 

Numbers of subassemblies in equilibrium core (excluding control rods) 

Inner core: 45 

Outer core: 64/36 (inner zone/outer zone of the outer zone) 

Reflector or other zone outside radial blanket including shielding and storage positions: 148 

 

Core dimensions 

Equivalent diameter of inner core zone: 1,280 mm 
Equivalent diameter of outer core zone: 1,990/2,296 mm (inner zone/outer zone of the outer 

zone) 

Height of fissile zone: 1,100 mm 

 

Blanket dimensions: no blanket 

 

Lattice pitch of components on centre plane of core 

At 20 °C: 167.7 mm 

At operating temperature: 169 mm 
 

Fuel subassembly dimensions 

Width across flats: 166.5 mm 

Subassembly length: 3,850 mm 
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Fuel enrichment 

Number of fuel enrichment zones: 1 

Inner core enrichment: 14.6% (Pu+MA) 

 

*Enrichment: mass of fissile atoms/mass of fissile and fertile atoms (i. e. 235U in U-based fuels; 
235U + all Pu isotopes in U/Pu-based fuels ) 

 
 
3. Core characteristics 
 
Reference number of core: equilibrium 

 

Fissile material content of a core 
235U: no 
239Pu: no 

All plutonium isotopes: 2,260 kg 

 

Core volume fractions averaged over whole core (excluding experiments) 

Fuel: 0.3 

Coolant: 0.6 

Steel: 0.1 
Void or fission gas space: 0 

 

Power density [fuel volume defined by space within cladding] 

Maximum: 835 kW/litre of fuel 

Average over core: 510 kW/litre of fuel                             

 

Mean length of reactor run: 300 days 

 

Mean length routine shutdown for refuelling (excluding long maintenance periods): 25 days 

                                              

Burnup (MWd/t of heavy metal) 

Maximum target: 91,700 

Average target: 61,450 

 

Neutron flux (×10
15

 n/cm
2
 s) 

Maximum: 3.8 

Average: 2.35 

 

Percentage of subassemblies changed at each shutdown (refuelling plan at equilibrium 
condition) 

Inner core fuel: 20% 

Control rods: 20% 

 

Total breeding gain*: 0.05 

 

*Breeding gain is defined as: BG = Wi(Ci-Di)/Fi 

 

Ci and Di - respectively rates of creation and destruction of atoms of i 

Wi - the worth of atoms of i, relative to 239Pu atoms 

Fi - the total fission rate 
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Reactivity coefficients 

Isothermal temperature coefficient at full power: -1.9 pcm/°C 

Total power coefficient of reactivity at full power, constant inlet temperature: -0.3 pcm/MWth 

Maximum coolant void effect, including only regions with a positive coolant reactivity worth:    

-1.6 dollars 

 
 
4. Fuel design and performance 
 
Number of fuel pins per subassembly: 156/160 

 

Core fuel pin dimensions 

Outer diameter: 9.4/9.8/10.5 mm 

Thickness of cladding: 0.5 mm 

Overall length of fuel pin: 2,250 mm 

 

Fuel density 

Intrinsic density of fuel pellet: 95% TD 

Smeared density of fuel with fuel assumed to occupy whole space inside the cladding tube: 

80% TD 

 

Cladding material: EP- 823 (12Cr) 

 

Wrapper material: Cr12 Ni06 Mo0.9 

Mechanical separation of pins 

Core fuel: G (grids) 

 

Linear power 

Maximum, fuel (at start of life): 41.9/39.5/32.6 kW/m 

 

Maximum cladding surface temperature of core fuel pin: 644 °C 

 

Fission product gas volume per pin: 47/51.7/60.3 cm3
 

 

Pressure of fission products (gas in fuel pin at operating temperature and maximum burnup):  

3 MPa 

 

Method of detecting failed pins 

DM - Delayed neutron detection (main primary circuit pipes) 
DB - Delayed neutron detection (bypass pipes) 

CGM - Cover gas monitoring system 

 

Methods of locating failed pins 

GT - Gas tagging with selected isotopes in pin 

DSp - Dry sipping method to induce release of fission products 

WSp - Wet sipping method to induce release of fission products 
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5. Control rods and drive mechanisms 

 

 

 

Fig. A1.1 – BREST-OD-300 reactor core configuration  

 

Safety (shutdown) rods: 8 

 

Regulating rods: 12 “fine rods” or group 1, 8 “coarse rods” of group 2 

 

Additional shutdown rods: 45 HSR*, 12 GEM* 

 

*HSR : Hydraulically Suspended Rod 

*GEM: Gas Expansion Module 

 

Absorber pins (No. of absorber pins per control rod) 
 

Safety rods: 30  

· Outer diameter: 20.5 mm 

· Material of neutron absorber: BC20 

 

Group 1 or “fine rods”: 30  

· Outer diameter: 20.5 mm 

· Material of neutron absorber: Er2O3 
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Worth of control rod 

Safety (total): 0.72 % ΔK/K 

Group 1 (per rod): 0.7 % ΔK/K 

Additional HSR (per rod): 0.26 % ΔK/K 

Additional GEM (per rod): 0.15 % ΔK/K 

Total reactivity worth of all rods moving over whole range: 3.6 % ΔK/K 

 

Vertical travel of control rod 

Safety: 870 mm 
Group 1: 1,300 mm 

Group 2: 870 mm 

 

Rod-drop time 

Safety: less than 2.5 s 

Group 2: less than 2.5 s 

HSR: 6 s 

 

Features of drive mechanism: electro-mechanical 

 

 

6. Heat transport system 
 
Number of coolant loops or number of primary pumps: 4 

 

Coolant inventory PRIMARY: 8,600 t 

 

Coolant flow rate 

Total: 41,600 kg/s 

Per loop: 10,400 kg/s 
 

Coolant velocity in core 

Maximum: 1.67 m/s 

 

Pressure drop across core: 0.155 MPa 

 

Coolant temperature 

Primary hot leg: 540 °C 

Primary cold leg: 420 °C 

 

Valving: Steam generator isolated (secondary circuit) 

 

 
7. Main components of heat transport systems 
 
Reactor vessel (primary tank) 

Inside diameter: 6,800 mm 

Thickness: 40 mm 

Inside height: 14,140 mm 

Material: Cr16 Ni10 

 
Main pumps: M (Mechanical), axial single section 
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NO Intermediate heat exchangers (IHX) 

 

Steam generators: once-through, helical coil evaporator and superheater in one unit 

 

Turbine generators 

Type: condensing reheat 

Number: 1 
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Appendix 2: Calculations of input parameters for the pin 

cell simulations 

The calculations of two input parameters are described in this appendix: the average fuel rod 

distance and the lead density. 

 

1. Average fuel rod distance  

To estimate the average fuel rod distance several values from the Appendix 1 are taken into 

consideration, such as the fuel assembly width across flats of 166.5 mm or the number of fuel 

pins per subassembly, which ranges between 156 and 160.  

Knowing that the fuel element shape is a square and considering that the fuel rods are 

symmetrically distributed, the number of fuel rods per side can be estimated this way: 

√156 � 12.49 

√160 � 12.65 

Analysing these results, the number of fuel rods per side could be 12 or 13 depending on their 

distribution, so the distance between them can be estimated this way: 

166.5::
12 � 13.875:: 

166.5::
13 � 12.808:: 

The average of these two distances is 13.34 mm and this is the value applied in the simulations 

as the average fuel rod distance.  

 

2. Lead density  

The lead density can be estimated using the following interpolation function [43]: 

� � 11,417 − 1.239 � @ABC0BD :E1⁄ , 603	B < @ < 1,273	B 

From the two coolant temperature values indicated in the Appendix 1 of 540 ºC and 420 ºC, 

which correspond to the primary hot and cold leg temperatures respectively, an average 

coolant temperature of 480 ºC (753 K) can be estimated. The density of lead obtained using 

this value is 10.5 g/cm3 and this is the value used in the simulations. 
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Appendix 3: Output values for each pin cell simulation  

The results obtained in each pin cell simulation are presented in this appendix. Concretely, the 

results obtained directly from the output file, the atomic density and the equivalent activity 

per GWe and year are listed below for each enrichment (Table 3.X) and for the different 

burnups studied. 

 

SIM 1 1% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.7023E-07 1.7023E+17 3.5460E+02 

0.3 5.1078E-07 5.1078E+17 3.5466E+02 

0.8 1.3630E-06 1.3630E+18 3.5489E+02 

2 3.4090E-06 3.4090E+18 3.5506E+02 

5 8.5334E-06 8.5334E+18 3.5551E+02 

10 1.7157E-05 1.7157E+19 3.5740E+02 

20 3.4634E-05 3.4634E+19 3.6073E+02 

30 5.2396E-05 5.2396E+19 3.6382E+02 

40 7.0485E-05 7.0485E+19 3.6706E+02 

50 8.8885E-05 8.8885E+19 3.7031E+02 

60 1.0763E-04 1.0763E+20 3.7368E+02 

70 1.2676E-04 1.2676E+20 3.7723E+02 

80 1.4623E-04 1.4623E+20 3.8075E+02 

90 1.6606E-04 1.6606E+20 3.8434E+02 

100 1.8630E-04 1.8630E+20 3.8808E+02 

110 2.0690E-04 2.0690E+20 3.9180E+02 

120 2.2783E-04 2.2783E+20 3.9550E+02 

Table A3.1 – Results of pin cell simulation 1 

 

 

 

 

 

 

 

 

 

 



49 

 

SIM 2 20% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.3606E-07 1.3606E+17 2.8343E+02 

0.3 4.0863E-07 4.0863E+17 2.8373E+02 

0.8 1.0904E-06 1.0904E+18 2.8392E+02 

2 2.7283E-06 2.7283E+18 2.8416E+02 

5 6.8432E-06 6.8432E+18 2.8510E+02 

10 1.3739E-05 1.3739E+19 2.8619E+02 

20 2.7731E-05 2.7731E+19 2.8883E+02 

30 4.1964E-05 4.1964E+19 2.9138E+02 

40 5.6456E-05 5.6456E+19 2.9400E+02 

50 7.1208E-05 7.1208E+19 2.9666E+02 

60 8.6250E-05 8.6250E+19 2.9944E+02 

70 1.0154E-04 1.0154E+20 3.0217E+02 

80 1.1713E-04 1.1713E+20 3.0499E+02 

90 1.3302E-04 1.3302E+20 3.0787E+02 

100 1.4920E-04 1.4920E+20 3.1079E+02 

110 1.6569E-04 1.6569E+20 3.1377E+02 

120 1.8250E-04 1.8250E+20 3.1680E+02 

Table A3.2 – Results of pin cell simulation 2 

 

SIM 3 25% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.2728E-07 1.2728E+17 2.6514E+02 

0.3 3.8252E-07 3.8252E+17 2.6561E+02 

0.8 1.0204E-06 1.0204E+18 2.6570E+02 

2 2.5528E-06 2.5528E+18 2.6589E+02 

5 6.3967E-06 6.3967E+18 2.6649E+02 

10 1.2857E-05 1.2857E+19 2.6782E+02 

20 2.5939E-05 2.5939E+19 2.7016E+02 

30 3.9245E-05 3.9245E+19 2.7250E+02 

40 5.2800E-05 5.2800E+19 2.7496E+02 

50 6.6593E-05 6.6593E+19 2.7744E+02 

60 8.0642E-05 8.0642E+19 2.7997E+02 

70 9.4952E-05 9.4952E+19 2.8256E+02 

80 1.0953E-04 1.0953E+20 2.8519E+02 

90 1.2440E-04 1.2440E+20 2.8794E+02 

100 1.3954E-04 1.3954E+20 2.9066E+02 

110 1.5495E-04 1.5495E+20 2.9342E+02 

120 1.7066E-04 1.7066E+20 2.9624E+02 

Table A3.3 – Results of pin cell simulation 3 
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SIM 4 30% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.1857E-07 1.1857E+17 2.4698E+02 

0.3 3.5615E-07 3.5615E+17 2.4729E+02 

0.8 9.5021E-07 9.5021E+17 2.4742E+02 

2 2.3776E-06 2.3776E+18 2.4764E+02 

5 5.9553E-06 5.9553E+18 2.4811E+02 

10 1.1958E-05 1.1958E+19 2.4909E+02 

20 2.4129E-05 2.4129E+19 2.5132E+02 

30 3.6511E-05 3.6511E+19 2.5352E+02 

40 4.9122E-05 4.9122E+19 2.5581E+02 

50 6.1964E-05 6.1964E+19 2.5815E+02 

60 7.5049E-05 7.5049E+19 2.6055E+02 

70 8.8380E-05 8.8380E+19 2.6300E+02 

80 1.0195E-04 1.0195E+20 2.6547E+02 

90 1.1580E-04 1.1580E+20 2.6801E+02 

100 1.2988E-04 1.2988E+20 2.7056E+02 

110 1.4423E-04 1.4423E+20 2.7313E+02 

120 1.5886E-04 1.5886E+20 2.7576E+02 

Table A3.4 – Results of pin cell simulation 4 

 

SIM 5 35% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.0986E-07 1.0986E+17 2.2884E+02 

0.3 3.2998E-07 3.2998E+17 2.2913E+02 

0.8 8.8055E-07 8.8055E+17 2.2928E+02 

2 2.2029E-06 2.2029E+18 2.2944E+02 

5 5.5213E-06 5.5213E+18 2.3003E+02 

10 1.1084E-05 1.1084E+19 2.3089E+02 

20 2.2358E-05 2.2358E+19 2.3286E+02 

30 3.3831E-05 3.3831E+19 2.3491E+02 

40 4.5520E-05 4.5520E+19 2.3705E+02 

50 5.7439E-05 5.7439E+19 2.3930E+02 

60 6.9573E-05 6.9573E+19 2.4154E+02 

70 8.1920E-05 8.1920E+19 2.4378E+02 

80 9.4494E-05 9.4494E+19 2.4605E+02 

90 1.0731E-04 1.0731E+20 2.4836E+02 

100 1.2037E-04 1.2037E+20 2.5074E+02 

110 1.3365E-04 1.3365E+20 2.5309E+02 

120 1.4717E-04 1.4717E+20 2.5547E+02 

Table A3.5 – Results of pin cell simulation 5 
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SIM 6 40% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.0147E-07 1.0147E+17 2.1136E+02 

0.3 3.0416E-07 3.0416E+17 2.1120E+02 

0.8 8.1141E-07 8.1141E+17 2.1128E+02 

2 2.0297E-06 2.0297E+18 2.1140E+02 

5 5.0876E-06 5.0876E+18 2.1196E+02 

10 1.0207E-05 1.0207E+19 2.1263E+02 

20 2.0602E-05 2.0602E+19 2.1457E+02 

30 3.1169E-05 3.1169E+19 2.1643E+02 

40 4.1936E-05 4.1936E+19 2.1839E+02 

50 5.2879E-05 5.2879E+19 2.2030E+02 

60 6.4026E-05 6.4026E+19 2.2228E+02 

70 7.5376E-05 7.5376E+19 2.2430E+02 

80 8.6963E-05 8.6963E+19 2.2644E+02 

90 9.8754E-05 9.8754E+19 2.2857E+02 

100 1.1079E-04 1.1079E+20 2.3078E+02 

110 1.2303E-04 1.2303E+20 2.3297E+02 

120 1.3550E-04 1.3550E+20 2.3521E+02 

Table A3.6 – Results of pin cell simulation 6 

 

SIM 7 45% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 9.2564E-08 9.2564E+16 1.9282E+02 

0.3 2.7793E-07 2.7793E+17 1.9298E+02 

0.8 7.4128E-07 7.4128E+17 1.9302E+02 

2 1.8554E-06 1.8554E+18 1.9324E+02 

5 4.6519E-06 4.6519E+18 1.9381E+02 

10 9.3408E-06 9.3408E+18 1.9458E+02 

20 1.8853E-05 1.8853E+19 1.9636E+02 

30 2.8515E-05 2.8515E+19 1.9800E+02 

40 3.8360E-05 3.8360E+19 1.9977E+02 

50 4.8384E-05 4.8384E+19 2.0157E+02 

60 5.8582E-05 5.8582E+19 2.0338E+02 

70 6.8963E-05 6.8963E+19 2.0522E+02 

80 7.9542E-05 7.9542E+19 2.0712E+02 

90 9.0317E-05 9.0317E+19 2.0904E+02 

100 1.0131E-04 1.0131E+20 2.1104E+02 

110 1.1250E-04 1.1250E+20 2.1303E+02 

120 1.2391E-04 1.2391E+20 2.1509E+02 

Table A3.7 – Results of pin cell simulation 7 
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SIM 8 50% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 8.3993E-08 8.3993E+16 1.7496E+02 

0.3 2.5203E-07 2.5203E+17 1.7500E+02 

0.8 6.7286E-07 6.7286E+17 1.7520E+02 

2 1.6827E-06 1.6827E+18 1.7525E+02 

5 4.2225E-06 4.2225E+18 1.7592E+02 

10 8.4771E-06 8.4771E+18 1.7658E+02 

20 1.7089E-05 1.7089E+19 1.7799E+02 

30 2.5863E-05 2.5863E+19 1.7958E+02 

40 3.4792E-05 3.4792E+19 1.8118E+02 

50 4.3870E-05 4.3870E+19 1.8277E+02 

60 5.3140E-05 5.3140E+19 1.8449E+02 

70 6.2577E-05 6.2577E+19 1.8622E+02 

80 7.2196E-05 7.2196E+19 1.8799E+02 

90 8.1979E-05 8.1979E+19 1.8974E+02 

100 9.1944E-05 9.1944E+19 1.9153E+02 

110 1.0208E-04 1.0208E+20 1.9331E+02 

120 1.1242E-04 1.1242E+20 1.9516E+02 

Table A3.8 – Results of pin cell simulation 8 

 

SIM 9 55% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 7.5485E-08 7.5485E+16 1.5724E+02 

0.3 2.2639E-07 2.2639E+17 1.5719E+02 

0.8 6.0411E-07 6.0411E+17 1.5730E+02 

2 1.5103E-06 1.5103E+18 1.5730E+02 

5 3.7877E-06 3.7877E+18 1.5780E+02 

10 7.6067E-06 7.6067E+18 1.5845E+02 

20 1.5352E-05 1.5352E+19 1.5990E+02 

30 2.3218E-05 2.3218E+19 1.6122E+02 

40 3.1225E-05 3.1225E+19 1.6261E+02 

50 3.9388E-05 3.9388E+19 1.6410E+02 

60 4.7703E-05 4.7703E+19 1.6561E+02 

70 5.6162E-05 5.6162E+19 1.6713E+02 

80 6.4789E-05 6.4789E+19 1.6870E+02 

90 7.3570E-05 7.3570E+19 1.7028E+02 

100 8.2516E-05 8.2516E+19 1.7189E+02 

110 9.1619E-05 9.1619E+19 1.7350E+02 

120 1.0089E-04 1.0089E+20 1.7514E+02 

Table A3.9 – Results of pin cell simulation 9 
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SIM 10 60% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 6.6888E-08 6.6888E+16 1.3933E+02 

0.3 2.0070E-07 2.0070E+17 1.3936E+02 

0.8 5.3529E-07 5.3529E+17 1.3938E+02 

2 1.3397E-06 1.3397E+18 1.3953E+02 

5 3.3600E-06 3.3600E+18 1.3998E+02 

10 6.7452E-06 6.7452E+18 1.4051E+02 

20 1.3610E-05 1.3610E+19 1.4176E+02 

30 2.0591E-05 2.0591E+19 1.4297E+02 

40 2.7701E-05 2.7701E+19 1.4426E+02 

50 3.4940E-05 3.4940E+19 1.4556E+02 

60 4.2305E-05 4.2305E+19 1.4687E+02 

70 4.9809E-05 4.9809E+19 1.4822E+02 

80 5.7456E-05 5.7456E+19 1.4961E+02 

90 6.5227E-05 6.5227E+19 1.5097E+02 

100 7.3151E-05 7.3151E+19 1.5238E+02 

110 8.1228E-05 8.1228E+19 1.5382E+02 

120 8.9455E-05 8.9455E+19 1.5528E+02 

Table A3.10 – Results of pin cell simulation 10 

 

SIM 11 65% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 5.8244E-08 5.8244E+16 1.2133E+02 

0.3 1.7489E-07 1.7489E+17 1.2143E+02 

0.8 4.6723E-07 4.6723E+17 1.2166E+02 

2 1.1696E-06 1.1696E+18 1.2182E+02 

5 2.9308E-06 2.9308E+18 1.2210E+02 

10 5.8904E-06 5.8904E+18 1.2270E+02 

20 1.1880E-05 1.1880E+19 1.2374E+02 

30 1.7975E-05 1.7975E+19 1.2481E+02 

40 2.4178E-05 2.4178E+19 1.2591E+02 

50 3.0485E-05 3.0485E+19 1.2700E+02 

60 3.6924E-05 3.6924E+19 1.2819E+02 

70 4.3464E-05 4.3464E+19 1.2934E+02 

80 5.0136E-05 5.0136E+19 1.3054E+02 

90 5.6934E-05 5.6934E+19 1.3177E+02 

100 6.3861E-05 6.3861E+19 1.3303E+02 

110 7.0895E-05 7.0895E+19 1.3425E+02 

120 7.8075E-05 7.8075E+19 1.3553E+02 

Table A3.11 – Results of pin cell simulation 11 
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SIM 12 70% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 4.9909E-08 4.9909E+16 1.0396E+02 

0.3 1.4986E-07 1.4986E+17 1.0406E+02 

0.8 3.9997E-07 3.9997E+17 1.0415E+02 

2 9.9987E-07 9.9987E+17 1.0414E+02 

5 2.5072E-06 2.5072E+18 1.0445E+02 

10 5.0363E-06 5.0363E+18 1.0491E+02 

20 1.0155E-05 1.0155E+19 1.0577E+02 

30 1.5372E-05 1.5372E+19 1.0674E+02 

40 2.0676E-05 2.0676E+19 1.0767E+02 

50 2.6077E-05 2.6077E+19 1.0864E+02 

60 3.1580E-05 3.1580E+19 1.0964E+02 

70 3.7180E-05 3.7180E+19 1.1064E+02 

80 4.2895E-05 4.2895E+19 1.1169E+02 

90 4.8706E-05 4.8706E+19 1.1273E+02 

100 5.4631E-05 5.4631E+19 1.1380E+02 

110 6.0653E-05 6.0653E+19 1.1486E+02 

120 6.6788E-05 6.6788E+19 1.1594E+02 

Table A3.12 – Results of pin cell simulation 12 

 

SIM 13 75% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 4.1586E-08 4.1586E+16 8.6627E+01 

0.3 1.2472E-07 1.2472E+17 8.6599E+01 

0.8 3.3259E-07 3.3259E+17 8.6602E+01 

2 8.3206E-07 8.3206E+17 8.6662E+01 

5 2.0845E-06 2.0845E+18 8.6844E+01 

10 4.1865E-06 4.1865E+18 8.7208E+01 

20 8.4375E-06 8.4375E+18 8.7879E+01 

30 1.2770E-05 1.2770E+19 8.8669E+01 

40 1.7174E-05 1.7174E+19 8.9437E+01 

50 2.1663E-05 2.1663E+19 9.0250E+01 

60 2.6236E-05 2.6236E+19 9.1086E+01 

70 3.0892E-05 3.0892E+19 9.1930E+01 

80 3.5637E-05 3.5637E+19 9.2794E+01 

90 4.0470E-05 4.0470E+19 9.3669E+01 

100 4.5391E-05 4.5391E+19 9.4553E+01 

110 5.0410E-05 5.0410E+19 9.5461E+01 

120 5.5511E-05 5.5511E+19 9.6362E+01 

Table A3.13 – Results of pin cell simulation 13 
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SIM 14 80% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 3.3143E-08 3.3143E+16 6.9039E+01 

0.3 9.9316E-08 9.9316E+16 6.8961E+01 

0.8 2.6546E-07 2.6546E+17 6.9121E+01 

2 6.6425E-07 6.6425E+17 6.9184E+01 

5 1.6653E-06 1.6653E+18 6.9378E+01 

10 3.3452E-06 3.3452E+18 6.9684E+01 

20 6.7498E-06 6.7498E+18 7.0302E+01 

30 1.0209E-05 1.0209E+19 7.0886E+01 

40 1.3730E-05 1.3730E+19 7.1500E+01 

50 1.7314E-05 1.7314E+19 7.2132E+01 

60 2.0967E-05 2.0967E+19 7.2794E+01 

70 2.4684E-05 2.4684E+19 7.3456E+01 

80 2.8468E-05 2.8468E+19 7.4126E+01 

90 3.2317E-05 3.2317E+19 7.4799E+01 

100 3.6245E-05 3.6245E+19 7.5501E+01 

110 4.0246E-05 4.0246E+19 7.6215E+01 

120 4.4318E-05 4.4318E+19 7.6931E+01 

Table A3.14 – Results of pin cell simulation 14 

 

SIM 15 85% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 2.4819E-08 2.4819E+16 5.1700E+01 

0.3 7.4443E-08 7.4443E+16 5.1690E+01 

0.8 1.9887E-07 1.9887E+17 5.1784E+01 

2 4.9745E-07 4.9745E+17 5.1812E+01 

5 1.2463E-06 1.2463E+18 5.1922E+01 

10 2.5017E-06 2.5017E+18 5.2111E+01 

20 5.0468E-06 5.0468E+18 5.2564E+01 

30 7.6348E-06 7.6348E+18 5.3013E+01 

40 1.0269E-05 1.0269E+19 5.3479E+01 

50 1.2953E-05 1.2953E+19 5.3962E+01 

60 1.5682E-05 1.5682E+19 5.4445E+01 

70 1.8465E-05 1.8465E+19 5.4949E+01 

80 2.1299E-05 2.1299E+19 5.5458E+01 

90 2.4183E-05 2.4183E+19 5.5973E+01 

100 2.7122E-05 2.7122E+19 5.6497E+01 

110 3.0112E-05 3.0112E+19 5.7023E+01 

120 3.3160E-05 3.3160E+19 5.7563E+01 

Table A3.15 – Results of pin cell simulation 15 
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SIM 16 90% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.6515E-08 1.6515E+16 3.4402E+01 

0.3 4.9606E-08 4.9606E+16 3.4444E+01 

0.8 1.3227E-07 1.3227E+17 3.4440E+01 

2 3.3102E-07 3.3102E+17 3.4477E+01 

5 8.2941E-07 8.2941E+17 3.4554E+01 

10 1.6662E-06 1.6662E+18 3.4707E+01 

20 3.3624E-06 3.3624E+18 3.5021E+01 

30 5.0852E-06 5.0852E+18 3.5309E+01 

40 6.8397E-06 6.8397E+18 3.5619E+01 

50 8.6254E-06 8.6254E+18 3.5935E+01 

60 1.0445E-05 1.0445E+19 3.6261E+01 

70 1.2297E-05 1.2297E+19 3.6594E+01 

80 1.4184E-05 1.4184E+19 3.6932E+01 

90 1.6105E-05 1.6105E+19 3.7276E+01 

100 1.8063E-05 1.8063E+19 3.7627E+01 

110 2.0059E-05 2.0059E+19 3.7986E+01 

120 2.2091E-05 2.2091E+19 3.8348E+01 

Table A3.16 – Results of pin cell simulation 16 

 

SIM 17 95% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 8.2703E-09 8.2703E+15 1.7228E+01 

0.3 2.4813E-08 2.4813E+16 1.7229E+01 

0.8 6.6188E-08 6.6188E+16 1.7234E+01 

2 1.6557E-07 1.6557E+17 1.7245E+01 

5 4.1554E-07 4.1554E+17 1.7312E+01 

10 8.3426E-07 8.3426E+17 1.7378E+01 

20 1.6826E-06 1.6826E+18 1.7525E+01 

30 2.5446E-06 2.5446E+18 1.7669E+01 

40 3.4220E-06 3.4220E+18 1.7821E+01 

50 4.3158E-06 4.3158E+18 1.7980E+01 

60 5.2256E-06 5.2256E+18 1.8142E+01 

70 6.1536E-06 6.1536E+18 1.8312E+01 

80 7.0966E-06 7.0966E+18 1.8478E+01 

90 8.0575E-06 8.0575E+18 1.8649E+01 

100 9.0367E-06 9.0367E+18 1.8824E+01 

110 1.0034E-05 1.0034E+19 1.9000E+01 

120 1.1049E-05 1.1049E+19 1.9179E+01 

Table A3.17 – Results of pin cell simulation 17 
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SIM 18 99% N-15 
  

Burnup [MWd/tU] Results [10
-24

 atoms/cm
3
 UN] C-14 [atoms/cm

3
 UN] C-14 [TBq/GWe·year] 

0.1 1.6899E-09 1.6899E+15 3.5201E+00 

0.3 5.0632E-09 5.0632E+15 3.5157E+00 

0.8 1.3512E-08 1.3512E+16 3.5183E+00 

2 3.3837E-08 3.3837E+16 3.5242E+00 

5 8.4781E-08 8.4781E+16 3.5321E+00 

10 1.7022E-07 1.7022E+17 3.5459E+00 

20 3.4341E-07 3.4341E+17 3.5767E+00 

30 5.1977E-07 5.1977E+17 3.6091E+00 

40 6.9918E-07 6.9918E+17 3.6411E+00 

50 8.8212E-07 8.8212E+17 3.6750E+00 

60 1.0679E-06 1.0679E+18 3.7076E+00 

70 1.2569E-06 1.2569E+18 3.7403E+00 

80 1.4495E-06 1.4495E+18 3.7743E+00 

90 1.6458E-06 1.6458E+18 3.8093E+00 

100 1.8458E-06 1.8458E+18 3.8450E+00 

110 2.0498E-06 2.0498E+18 3.8817E+00 

120 2.2571E-06 2.2571E+18 3.9182E+00 

Table A3.18 – Results of pin cell simulation 18 
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Appendix 4: 14C production rates for different reactors  

This appendix collects several tables that provide more detailed information about the 14C 

production in thermal nuclear reactors. 

 

Table A4.1 – Annual normalized 
14

C production rates for Light Water Reactors (LWR) [39] 

 

Table A4.2 - Annual normalized 
14

C production rates for the HWR-generic CANDU-6 reactor [39] 

 

Table A4.3 – Estimated 
14

C production rates from gas-cooled reactors [39] 
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Appendix 5: Calculations of output parameters for the 

analysis of results 

The change of units necessary to compare the results obtained with the known values of the 
14C amount produced in thermal nuclear reactors is described in this appendix. The objective is 

to convert the 14C amount expressed in [atoms/cm3 UN] to [TBq/GWe·year].  

The equation used for this change of units is the following: 

I�J K @LM
�N& � +&OPQ � I�J K ORS:TU:E	V�Q �

1
�WX �

�WX�W �
10YD	V
1	R	V � 1LV �

365	ZO+T
1	+&OP � 1�� � �[�J �

4,5	I\
1	D	 I�J � 1

η
� 0,037	@LM1	I\  

where BU is the burnup [GWd/tU], which varies in each calculation, and where: 

ρUN = density of UN [g/cm3] 

AX = atomic weight of X [g X/mol] 

NA = Avogadro’s number [atoms/mol] 

η = BREST thermal efficiency [GWe/GWth]   

 

have constant values, which are: 

ρUN = 14,32 g/cm3 

AUN = 252 g/mol 

AU = 238 g/mol 
AC-14 = 14 g/mol 

NA = 6.02·1023 atoms/mol 

η = 0.43 GWe/GWth 

 

 


