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Abstract 

The purpose of this thesis was to study neutronics of a two-fluid molten salt reactor. In particular, 

far more efficient resource utilization and achievable burnups in modified open fuel cycles were 

examined. Fuel in liquid form and possibility to operate with natural uranium feed would simplify 

the nuclear fuel cycle. A simple two-fluid reactor model was generated and studied with two 

different chloride salt (NaCl-UCl3 and NaCl-ThCl4-UCl3). Capability of a reactor to maintain criticality 

and convert its new fissile fuel were under the main interest. 

Applied chloride salts moderate neutrons less than fluorides and can accommodate more actinides 

in a solution. Material problems, such as high corrosion, require meticulous research and refractory 

metal alloys or composites as reactor materials are necessary. 

Fuel burnup constitutes a non-linear problem and solutions must be found by iteration between 

the solvers. In this study, Monte Carlo based Serpent -code was combined with EQL0D procedure. 

Serpent was used for the neutron flux calculations at discrete timesteps and to determine the 

microscopic cross sections. Burnup equations and processing of the fuel were modelled with EQL0D. 

In contrary to solid fuels, liquid fuel is in continuous flow and fuel burnup is rather constant within 

the core. This homogeneity reduces the computational time as burnup equations can be solved only 

once for each core region. Thermohydraulic model was not implemented, but could be considered 

in further studies in order to model the flux more accurately. 

Disadvantages of a two-fluid reactor are its more complex structure and possibility to extract 

weapons-grade material from its lower burnup blanket region. Slightly higher achievable burnups 

and improved resource utilization may not reason a two-fluid reactor type enough. In addition, 

moderation of the blanket improved the performance only marginally. However, optimization of 

the moderator geometry and its use in smaller cores may give some gains. Unfortunately, the most 

widely used moderator material graphite has durability issues. 

A major challenge is to develop reliable fuel processing systems. For example, noble gases release 

the fuel salt during operation, having a significant radioactive inventory. Nevertheless, molten salt 

reactor type is unique with its liquid fuel design. Experimental research projects would be important 

to launch after decades of inactivity. Many important phenomena can be already simulated, but 

operational experience is highly needed to validate the models in practice. 
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Tiivistelmä 

Työn tavoitteena oli tutkia sulasuolareaktorin neutroniikkaa ja saavutettavia polttoaineen palamia 

avoimessa polttoainekierrossa. Luonnonvaroja aiempaa merkittävästi tehokkaammin hyödyntävä  

reaktorikonsepti oli tarkastelun kohteena. Uraanin rikastamisen sekä kiinteiden polttoaine-

elementtien puuttuminen voisivat suoraviivaistaa nykyistä ydinpolttoainekiertoa. 

Kaksoisrakenteisesta reaktorista tehtiin yksinkertaistettu malli ja kahdella eri kloorisuolalla (NaCl-

UCl3 ja NaCl-ThCl4-UCl3) tutkittiin reaktorin kykyä säilyttää kriittisyys ja konvertoida uutta 

polttoainetta. 

Valitut kloorisuolat hidastavat neutroneita fluoridisuolia vähemmän ja aktinidien liukoisuudet ovat 

suuremmat. Materiaaliongelmat, kuten nopea korroosio, vaativat huolellista tutkimusta ja 

reaktoriastian materiaaleina erikoisseokset tai komposiitit ovat tarpeen. 

Polttoaineen palama muodostaa epälineaarisen ongelman, jolloin ratkaisut on löydettävä 

iteroimalla. Työssä yhdistettiin Monte Carlo pohjainen Serpent -koodi ja nestemäisen polttoaineen 

palamalaskuja varten kehitetty EQL0D proseduuri. Serpentillä laskettiin neutronivuo eri ajanhetkillä 

ja määritettiin mikroskooppiset vaikutusalat eri isotoopeille. Itse palamayhtälöt ja polttoaineen 

prosessointi mallinnettiin EQL0D proseduurilla. Toisin kuin kiinteä polttoaine, nestemäinen 

polttoaine virtaa vapaasti ja palamaa voidaan pitää lähes vakiona reaktorin eri osissa. Tämä 

homogeenisyys nopeuttaa laskentaa, koska palamayhtälöä ei tarvitse ratkaista usealle eri reaktorin 

alueelle. Termohydrauliikan lisäys malliin voisi tarkentaa vuon laskentaa, mutta sitä ei työhön 

sisällytetty. 

Kaksoisrakenteisen reaktorin ongelmina voidaan nähdä monimutkaisempi rakenne ja mahdollisuus 

erottaa asekelpoista materiaalia matalamman palaman ulkokerroksesta. Hieman suurempi palama 

ja luonnonvarojen tehokkaampi käyttö eivät riittävästi puolla kaksoisrakennetta. 

Neutronihidastimen käyttö kaksoisrakenteisen reaktorin ulommaisessa kerroksessa ei myöskään 

juuri nostanut palamaa. Toisaalta hidastinaineen käyttö pienemmissä reaktorisydämissä tai 

reaktorigeometrian optimointi voisivat tuottaa pieniä hyötyjä. Silloinkin laajimmin tutkitun 

hidastinaineen, grafiitin, kestävyysongelmat toisivat rajoitteita. 

Merkittävä haaste on kehittää luotettava polttoaineen prosessointijärjestelmä mm. käytön aikana 

vapautuville korkeasti radioaktiivisille jalokaasuille. Reaktorityyppi on haasteistaan huolimatta 

monella tapaa erityinen ja kehitysprojekteja olisi tärkeää saada aloitettua vuosikymmenien 

hiljaiselon jälkeen. Tietokonemallinnuksilla saadaan arvokasta tietoa ja monia ilmiöitä pystytään jo 

simuloimaan. Käytännön kokemuksia tarvitaan kuitenkin lisää mallien validointiin. 

Avainsanat sulasuolareaktori, kaksoisrakennereaktori, neljäs sukupolvi, kloridisuolat, nopea 

spektri, ydinpolttoainekierto, avoin polttoainekierto, neutroniikka, palama, luonnonvarojen käyttö 
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1. Introduction 

Global energy consumption has risen constantly during the past decades in hand with the carbon 

emissions. Electricity demand, as well, is estimated to keep increasing due to the electrification of 

energy end uses and growing economies in developing countries. Energy sector accounts for over a 

half of the global CO2 emissions today and hence has the largest potential of emission reduction [1]. 

This underlines a high importance to develop and implement cleaner and more effective energy 

production technologies. As the figure 1 depicts, fossil fuels account for almost 80% of primary energy 

consumption. Their combustion is a major source of local air pollution, and it is estimated that 

currently about 300 million children live in the areas where the outdoor air pollution exceeds 

international guidelines at least six-fold [2]. This number could be dramatically decreased with 

sustainable and low-carbon electricity generation. 

 

Figure 1 World Primary Energy Consumption (by source), Mton Oil Equivalent [3] 

Combustion has significant effects not only on people’s health, but also on the environment. Inter-

governmental Panel on Climate Change (IPCC) recently published one of the most comprehensive 

reports of estimated effects of climate change. Limiting global warming below 1.5°C degrees from pre-

industrial level would substantially reduce its negative impacts: the intensity and frequency of 

extreme weathers, threatening of ecosystems, reduction of biodiversity and food security, among 

others [4]. Cutting emissions of the energy sector strongly supports the goal to restrict global warming 

and its almost entirely negative effects. All low-carbon energy production technologies are needed to 

reach the objectives to cut global emissions rapidly. Although, it should be noted that e.g. biomass 

burning is generally included in these technologies, even though it produces particulate matter and 

CO2 emissions.  

Nuclear power provides one viable option for low-carbon energy production. During operation, 
neither CO2 nor other particulate matter is produced. If global warming is to be controlled at the 
acceptable scale, even net-negative emissions are required as the figure 2 below depicts. Current 
nuclear power plants (NPP) are designed mainly for electricity generation, but new concepts are also 
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more flexible and suitable for other purposes. Novel reactor concepts are being developed to respond 
safety and sustainability issues of conventional reactors. In recent years, growing interest in these 
concepts has aroused and increasing amount of research activity can be seen. In this paper we 
concentrate on one of those concepts: the Molten Salt Reactors (MSR). 

 

Figure 2 Emission Targets to Limit Global Warming [5]. 

This work is a parametric study, aiming to prove the feasibility of the molten salt reactors for 

sustainable energy production. MSRs have a great variety of designs. The main focus of this study is 

on liquid fueled MSRs, and two-fluid designs (see appendices) are compared to one-fluid systems. 

Two-fluid reactors  contain another liquid salt around the main fuel salt, which affects the general 

performance in a variety of ways. Firstly, a brief introduction to Gen IV concepts, their advantages and 

challenges is given. This is followed by an analysis about uranium and thorium resources and their 

utilization in current reactors. Overview of the different nuclear fuel cycles is provided in the second 

chapter. Characteristics and specialties of these cycles are briefly considered, before focusing more 

closely on the MSR concept itself. 

Chapter three is devoted to the general description of the MSR concept and its features. Attention is 

principally centered on physical and technological aspects, and therefore, economical and sociological 

considerations are mostly outside the scope of this study. Fourth chapter is devoted to burnup 

calculations. It starts by presenting the neutron transport theory and its two different solution 

methods. Then the burnup equations are presented and, similarly, two different solving strategies are 

discussed. Brief description of implemented programs is given before the introduction of our model 

and analyses of the results, respectively. 

1.1 Nuclear Power Today 

There exists approximately 450 nuclear reactors in the world today, accounting for 11% of the global 

electricity production. Pressurized (PWR) and boiling water reactors (BWR) correspond to over 80% of 

the operating reactors and are still being built with a few updates. Pressurized heavy water reactors 

(PHWR) such as Canadian CANDU form the second largest group. Advanced gas-cooled reactors (AGR) 
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in the UK have been developed from the previous gas-cooled reactors (MAGNOX), initially designed 

for dual electricity and plutonium production. These MAGNOX, AGR and former Soviet Union RBMK 

reactors (e.g. Chernobyl IV), which combined graphite moderator with light water coolant, are old 

technology and superseded by other reactor types. Operating reactors represent typically generation 

II (MAGNOX Gen I), but new PWR and BWR being built are considered generation III reactors, largely 

due to improved safety characteristics. 

Renewed interest in nuclear energy can be seen. China, India and Russia are in the forefront of building 

new reactors and account for over a half of both ongoing and planned reactor projects. On the other 

hand, Fukushima accident in 2011 terminated several nuclear power plant projects and sparked 

doubts about the reliability of technology. Several countries, for example Japan and Germany, which 

both deploy nuclear power widely, decided to dismantle existing plants and freeze new projects. 

Germany closed eight reactors immediately after the accident and is planning to shut down all reactors 

by 2022 [6]. 

Small Modular Reactors  

Small Modular Reactors (SMR) consist of diverse designs, having small power as a common factor. 

International Atomic Energy Agency (IAEA) categorizes them with maximum power up to 300 MWe 

[7]. SMRs have aroused interest for decreasing excessive capital investment costs of large plants and 

alleviating their lengthy licensing process. Standardized module structure would allow owners to 

acquire multiple reactors under a common license and modular units could be factory-assembled 

successively, promoting economics of series and short construction times per unit. The US-based 

company NuScale is in the forefront for technology commercialization [8]. NuScale reactors represent 

Gen III+ technology, but most Gen IV reactors are easily scaled down in size and thus introduced as a 

SMR design. 

Flexible scaling of the plants and a possibility to transport modules to remote locations for off-grid 

use, are also considered beneficial. The design philosophy is to achieve efficient decay heat removal 

completely based on passive safety systems, as the amounts of transferable heat are much smaller. 

This simplifies system design remarkably, since complex active decay heat removal systems can be 

omitted. However, large reactors can also be designed for passive decay heat removal and many 

advantages of the SMR technology are in fact adaptable to larger reactors as well. In small reactor 

cores, neutron leakages are relatively higher and must be minimized with specific designs, such as 

wider reflectors. 

Fast Reactors 

Fast spectrum reactors operate above resonance absorption region of neutrons, without moderation. 

A few fast reactors have been built in the past, but majority of them have been shut down due to 

operational problems or after completed research programs. Currently only two units - sodium cooled 

BN-600 and BN-800 units at Beloyarsk in Russia - are in operation. India is building one 500MWe unit 

and is expecting to build more fast reactors, after gaining knowledge of its first project. Russia seeks 

to close the fuel cycle with the aid of sodium cooled, fast reactor technology. 

Fast spectrum reactors are often proposed to burn actinides, which constitute long-lived components 

of spent nuclear fuel. Actinide burning would decrease the long-time radioactivity of repositioned LWR 
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fuel. In addition, it could increase resource utilization, as more energy could be obtained from nuclear 

fuel material. Alternative fuel options to oxide fuels could be uranium nitrides, carbides or metallic 

fuels such as uranium-zirconium alloys, possibly mixed with plutonium and minor actinides. 

Enrichment levels of fast spectrum reactors are generally larger compared to thermal spectrum 

reactors, being around 20%.  

Fast reactor kinetics largely differ compared to conventional thermal reactors. The delayed neutron 

fraction decreases with high energy spectrum, which may exacerbate flux transitions. Due to shorter 

mean generation times, it’s crucial to have negative reactivity coefficients to avoid power excursions. 

Specific designs are required to ensure negative reactivity coefficients with fast spectrum systems. 

Reactivity coefficients are explored further in chapter 5.4. 

1.2 Gen IV Reactors 

Majority of operating reactors are reaching the end of their lifetimes in the following decades and 

advanced reactors concepts have been designed to supersede these older technologies. Back in 2000, 

US Department of Energy (DOE) Office of Nuclear Energy convened a group of governmental 

representatives to begin talks on international collaboration in the development of novel nuclear 

energy systems. This group was named Generation IV International Forum (GIF) Policy Group. They 

included six type of reactors as the most promising Generation IV concepts after comprehensive 

evaluation of different technologies [9]. Several design goals for these Gen IV reactor types were 

defined in 2002, and further reviewed in 2014 with technological progress updates. The main goals 

are summarized below [10]: 

Sustainability Gen IV systems must provide energy generation that meets clean air objectives and 

provides long-term availability of systems and effective fuel utilization. Waste minimization and 

management plus reduction of long-term stewardship burden will improve protection for the public 

health and the environment. 

Economics Gen IV systems must have a clear life-cycle cost advantage over other energy resources 

and financial risk comparable to other energy projects. 

Safety and Reliability Gen IV systems in operation must excel in safety and reliability. Moreover, 

likelihood and degree of reactor core damage must be very low in all scenarios and the need for offsite 

emergency response should be eliminated. 

Proliferation Resistance and Physical Protection Gen IV systems must be very unattractive and the 

least desirable option for diversion or theft of weapon-usable materials. In addition, they must provide 

increased physical protection against acts of terrorism. 

Sustainability has been one of the key aspects regarding development work. Substantially improved 

uranium or thorium utilization is achievable with some of these reactor concepts. In addition, passive 

safety systems, such as decay heat removal by natural convection, are a common design goal. Some 

of the targets contrast with each other: improving safety and physical protection typically increases 

the costs. Similarly, if nuclear fuel is reprocessed to maximize sustainability, it often interferes with 

proliferation resistance. Big forefront investment in large pilot projects is problematic and recently 

SMR configurations have gained a lot of attention as an option to reduce financial risks. Pilot plants 
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and operational experience are needed to assure all design targets and to prove any of the concepts 

in practice. These Gen IV technologies are summarized below: 

Gas-cooled fast reactor (GFR) 

Lead-cooled fast reactor (LFR) 

Sodium-cooled fast reactor (SFR) 

Molten Salt reactor (MSR) 

Supercritical water reactor (SCWR) 

Very-high-temperature reactor (VHTR) 

Common features of these new technologies are high coolant temperatures for improved efficiency 

and the possibility to recycle fuel and thus close the fuel cycle. The utilization of thorium fuels is also 

under great interest. Nevertheless, it should be noted that current reactors may use thorium as well, 

and the absence of thorium fuels is mostly due to economic reasons [11]. Heat from high-temperature 

reactors would be sufficient for production of hydrogen or process heat for many applications. For 

example, fabrication of synthetic fuels such as silane (e.g. Si7H16) or hydrazine (N2H4), becomes 

possible. Passive decay heat removal is one of the main objectives concerning reactor safety as well 

as the development of accident tolerant fuels. In following, some applications are listed: 

 Desalination 

 Process heat for industry: 

  Catalytic cracking, District heating 

Cement, paper and chemical manufacturing 

  Hydrogen (electrolysis), ammonia and polymers etc. production 

 High efficiency (>40%) and CO2 free electricity generation 

Production of medical isotopes (mainly 99Mo/ 99mTc)  

Burning of long-lived actinides from spent nuclear fuel (fast spectrum) 

Remote power sources & space applications 

Despite some clear advantages, Gen IV concepts face some common challenges. High outlet 

temperature requires further development and validation of advanced materials. Corrosion speed 

increases together with temperature and fast spectrum increases risk of radiation embrittlement. 

However, public acceptance and economic competitiveness are probably the most significant hurdles 

to overcome, since theoretical basis of most Gen IV reactors has already been established decades 

ago. Particularly, the implementation and economic competitiveness of a closed fuel cycle remains 

unclear. 

One major flaw with sodium-cooled fast reactors is the possibility of positive reactivity coefficients. In 

addition, metallic sodium reacts violently with water and burns readily in air, making leakages a 

serious risk. Both problems need careful design, but are solvable. For lead cooled reactors, rather high 

melting temperature (327°C), high density and the opacity of the lead poses problems together with 

seismic protection. Very high temperatures of gas cooled reactors are problematic for structural 

materials, and cores must be large due to low volumetric heat capacities of gaseous coolants. In SCWR, 

advantages of the fast spectrum are not achieved due to water moderation. However, every concept 

has advantages and no universally superior concept exists. More information of other Gen IV reactor 

concepts can be obtained for example from [9]. 
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1.3 Conversion Ratio  

Core neutronics performance has a major impact on resource utilization. Conversion ratio (CR) is a 

measure of how efficiently fuel can be used in the reactor. Fissile materials are capable of sustain the 

fission chain reaction, and hence enough fissile material should exist in the core. CR is defined by the 

ratio of fissile nuclei produced to the fissile nuclei consumed. Below are presented three different 

values for a conversion ratio: 

 

𝐶 < 1 𝐵𝑢𝑟𝑛𝑒𝑟 

𝐶 = 1 𝐼𝑠𝑜 𝐵𝑟𝑒𝑒𝑑𝑒𝑟 

𝐶 > 1 𝐵𝑟𝑒𝑒𝑑𝑒𝑟 

 

Burner reactors have a CR under one, and are net consumers of fissile material. The reactor is called 

iso-breeder, if its fissile nuclei production equals its consumption. Breeder reactors are capable of 

producing more fissile material than they consume, having CR above one, and thus the ability to 

produce their own fuel during operation. A brief analysis on factors affecting this ratio is given next. 

 

Fissile nuclei are consumed by neutron absorptions, which typically lead to capture or fission 

reactions. Thus, the amount of fission material decreases during operation, and new fissile material is 

required to keep the reactor in operation (=sustain criticality). New fissile material can be provided by 

changing solid fuel elements or by exchanging parts of liquid fuel, depending on reactor type. If CR is 

at least one, the reactor can convert all of its new fuel by the neutron capture of its fertile isotopes. 

This enables refueling by non-enriched fuel, which greatly improves the resource utilization as is 

discussed in chapter 1.5. 

 

All actinides are fissionable, i.e. they are able to fission if bombarded by neutrons. However, this 

probability for fission is generally low and fission can only occur above certain threshold energy. 

Nuclei, which have a high probability to fission, also at low or thermal energies (0.025 eV), are called 

fissile. They are able to sustain a nuclear chain reaction and are thus necessary in the fuel. Due to 

nuclear pairing effect, isotopes with an odd neutron number are typically fissile. Nuclei, which are not 

fissile themselves, but can be converted into fissile material by a neutron capture, are called fertile. 
232Th and 238U are the only naturally existing fertile isotopes today. They can be transmuted to their 

fissile counterparts 233U and 239Pu by the following reactions:  

232𝑇ℎ (𝑛, 𝛾)
         
→   233𝑇ℎ (𝛽−) 

21.8 𝑚
→     233𝑃𝑎 (𝛽−) 

27.0 𝑑
→    233𝑈 

238𝑈(𝑛, 𝛾) 
         
→   239𝑈 (𝛽 −) 

23.5 𝑚
→     239𝑁𝑝 (𝛽−) 

56.5 ℎ
→    239𝑃𝑢 

If a reactor is able to breed new fuel during operation (CR>1), these 233U and 239Pu isotopes are 

responsible for majority of fissions, and are called main fissile isotopes. Current LWRs require uranium 

enrichment and are net consumers of fissile material, requiring enriched fuel (generally 235U). 

However, around 30% of the fissions occur by the transmuted 239Pu, which becomes a main fissile 

isotope at the later stages of the fuel cycle. 

 

Probability of neutron capture or fission (actinides) varies greatly with incident neutron energy as the 

figure 3 below depicts. For vast majority of nuclei, cross sections at low energies follow neutron speeds 
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inversely as 1/v. At intermediate energies, strong resonances can be seen. They occur due to largely 

varying probabilities of compound nucleus formation between the neutron and the target nuclei. At 

higher energies, resonances become so close to each other that different resonances can’t be 

distinguished, and curves even out again. This complex energy dependency of cross sections causes 

difficulties to burnup calculations, as we will discuss in chapter 4. Some reactions, such as inelastic 

scattering and neutron multiplication reactions (n,2n etc.), have a threshold energy. For fissionable 
232Th, threshold energy of fission is clearly visible in the figure. Fundamental difference between 

fissionable and fissile nuclei can be seen as well: 233U more likely undergoes a fission, but 232Th an 

absorption, unless the neutron energy is very high. 

 
Figure 3 Capture and Fission Cross Sections (JEFF-3.3 Database) 

Neutrons are produced from fissions variable amounts, depending on the target nuclei and the 

incident neutron energy. Figure 4 below depicts average neutron production of important nuclei. Even 

though the neutron production seems to increase exponentially, neutron yield is a linear function of 

energy, as the scale is logarithmic. Plutonium has the highest neutron yield thorough the energy range 

and 233U performs also well. Heavier nuclei have typically slightly higher energy release per fission: 
239Pu and 233U have recoverable energies of 207 and 198 MeV, respectively. Larger energy release has 

no effect on the conversion ratio, but fissions of heavier actinides produce a few percentage more 

energy.  
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Figure 4 Average Neutrons Produced in Fission, v (JEFF-3.3 Database) 

Minimum requirement for iso-breeding is, that at least two neutrons are produced per absorption to 

fissile nucleus on average: one to sustain chain reaction and another to breed a new fissile material. 

The neutron reproduction factor (η) in figure 5 below presents this requirement. It is defined as the 

product of fission-to-capture ratio and average fission neutron yield, both discussed above. When η is 

above 2, reactor can operate as a breeder. In practice, some neutrons are leaked out of the reactor 

core or absorbed into the coolant, fission products or structural materials. Therefore, η must be 

slightly higher than 2 to sustain breeding operation. 

Operating reactors are designed to operate either on thermal or fast neutron energy ranges, to avoid 

large captures at resonance regions. We can see that 233U performs clearly best at thermal energies. 

It is practically the only option for a breeder reactor with thermal spectrum reactors. However, 239Pu 

surpasses it at higher neutron energies. 233U has the highest fission-to-capture ratio of the main fissile 

isotopes, but plutonium has higher average fission neutron yield. 
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Figure 5 Neutron Reproduction Factor, η 

Fission products accumulate during the operation and due to their parasitic capture, breeding 

performance inevitably decreases over time (neutron leakages and capture to structural materials 

rather constant and core specific). Removal of fission products is therefore essential to sustain reactor 

operation, i.e. maintain criticality for a prolonged period of time. Parasitic captures can be kept low 

by fast neutron spectrum, in which capture cross sections are several magnitudes smaller. Breeding 

can take place even for several decades in fast spectrum systems, before the share of fission products 

becomes excessive. However, reactors may breed infinitely, if spent fuel is regularly replaced with 

fresh fuel. If discharged fuel is reprocessed and cleaned from fission products, breeder reactor is 

capable to utilize all its actinides. As all actinides are able to fission in fast spectrum reactor, it makes 

sense to combine fast spectrum and close the fuel cycle as discussed more in chapter 2.5. 

 

1.4 Burnup 

Fuel burnup (BU) describes how efficiently energy can be extracted from the nuclear fuel. It depends 

of the nuclear fuel composition and type of the reactor. Burnup can be measured by two ways: 

Fissions per Initial Metal Atoms, FIMA % 

Energy release per unit mass of the fuel, GWd/tonHM 

FIMA is simply a division of the initial metal atoms that have undergone a fission by all the fissionable 

atoms loaded into the core. The largest share of fissions occur through the main fissile isotope, in 

LWRs by 235U and in breeder reactors either by 233U or 239Pu. If transuranics are extracted from the 

spent fuel and reused, then plutonium and minor actinides (Np, Am, Cm) also have a significant share 
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of fissions. FIMA % is hard to measure and would need a composition analysis of spent fuel to 

determine the remaining amount of actinides left in the substance. Molten salt reactors with on-line 

refueling complicate this analysis even further. During the operation, gaseous fission products are 

continuously removed and fuel mass is not conserved in the core. If the mass of every fission product 

discarded from the core can be estimated, one can approximate burnup as the mass of fission 

products divided by the mass of initial and refueled actinides. 

Fuel integrity must be secured in all circumstances to avoid radionuclide leakages to the primary 

circuit. In solid fueled reactors, burnups are limited by the integrity of the fuel rods under prolonged 

irradiation and the accumulation of fission products. Zirconium cladding of the fuel rods limits 

maximum energy extracted per length of the rod. One major disadvantage of the zirconium cladding 

is that at high temperatures, it reacts with water and produces hydrogen gas. Hydrogen is able to 

diffuse into the alloy and form zirconium hydrides, which impair mechanical properties of the rods. 

This loss of material ductility is known as hydrogen embrittlement. In addition, thermal and 

mechanical stress (due to temperature gradients and a high pressure flow) can also decrease the fuel 

rod integrity. 

Gen II reactors were generally designed to reach burnups around 40 GWh/tonHM, but currently 60 

GWd/tonHM burnups are possible with improved fuel manufacturing and advanced burnable 

absorbers. This requires slightly increased fuel enrichment, but a maximum enrichment level of 5 % is 

widely used. It prevents criticality accidents, which become more serious concern beyond that limit, 

particularly if the fuel is contacted with moderator materials. This rather low enrichment limit restricts 

maximum theoretical burnups of LWRs to around 60 GWh/tonHM because of the inevitable depletion 

of fissile material. Today high burnup PWRs with higher fuel enrichment may reach burnups even close 

to 100 GWd/tonHM. Theoretical maximum for uranium fueled reactor is around 940 GWd/tonHM, 

provided that every uranium atom involved undergoes a fission. Approximately 10% FIMA values are 

thus reachable with existing LWR technologies, if the enrichment level is not increased further. 

However, higher enrichment would not increase resource utilization. This is due to the nature of the 

enrichment process and LWR’s low capability to convert new fissile fuel during the operation from its 

fertile 238U nuclei inventories. 

The burnup in solid fueled reactors varies within each assembly and even inside each rod, since solid 

fuel is not mixed at any point. Complicated fuel loading patterns must be designed to maximize the 

total burnup and to protect the pressure vessel from excessive radiation damage. Different batches 

have different burnups and hence the core composition is highly heterogeneous. In contrary, liquid 

fueled reactors have a homogeneous burnup and composition, since the flowing fuel is continuously 

mixed. 

1.5 Resource Utilization 

Efficient resource utilization is an important factor considering the sustainability of nuclear power. 

Uranium and thorium resources are still abundant, but they are eventually decreasing to a level that 

their use is not economical anymore. The timescale of radioactive decay is hundreds of millions of 

years for the present isotopes of uranium and thorium, so their amount is practically constant, unless 

consumed in reactors. Thus, it is important to look more closely how uranium is used in current reactor 

types. The nuclear fuel utilization ratio can be defined as: 
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𝑈 =
𝑓𝑢𝑒𝑙 𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑒𝑑

𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝑖𝑛𝑝𝑢𝑡
=
𝐹

𝐼𝑟
 

PHWR reactors don’t require uranium enrichment, and are able to operate with natural uranium 

dioxide, since heavy water is more effective moderator compared to light water (as discussed more in 

chapter 3.5.1). Thus, their load into reactor equals the resource input: 

𝐼𝑟 = 𝑙𝑜𝑎𝑑 = 𝐿 

We can form a function for the fission rate as a function of reactor power. Below is assumed 200 MeV 

energy release per fission, and converted it to SI-units: 

𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑃 𝑀𝑊 ∗ 106
𝐽

𝑀𝑊𝑠
∗
𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠

200𝑀𝑒𝑉
∗

𝑀𝑒𝑉

1.6 ∗ 10−13𝐽
∗ 86400

𝑠

𝑑𝑎𝑦

= 2.70 ∗ 1021𝑃 [𝑀𝑊] 𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠/𝑑𝑎𝑦 

With this fission rate, we are able to calculate the burnup rate as a function of reactor power: 

𝐵𝑢𝑟𝑛𝑢𝑝 𝑟𝑎𝑡𝑒 = 𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 ∗
𝑓𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑑𝑎𝑦
∗
𝑀𝑈235
𝑁𝐴

= 1.05𝑃 [𝑀𝑊] 𝑔𝑟𝑎𝑚𝑠/𝑑𝑎𝑦 

From the burnup rate, we can see that the release of roughly 1 MWd requires approximately 1 gram 

of 235U. In reality, some fissions occur by 238U and particularly by converted 239Pu, whose mass and 

energy release per fission are slightly different. However, in thermal spectrum reactors utilizing non-

enriched uranium, 𝐵𝑢𝑟𝑛𝑢𝑝 𝑟𝑎𝑡𝑒 ≈ 𝐿 (𝑓𝑢𝑒𝑙 𝑙𝑜𝑎𝑑) is rather good estimate and the resource utilization 

can be calculated conveniently. Specific burnup of PHWR reactors such as CANDU, is typically around 

7500 MWd/ton of natural uranium feed: 

𝑈 =
𝐹

𝐼𝑟
=
𝐵

𝐿
=

7500𝑀𝑊𝑑/𝑡𝑜𝑛

1𝑀𝑊𝑑/𝑔 ∗ 1 000 000𝑔/𝑡𝑜𝑛
= 0.0075 = 0.75%  

This seems like a surprisingly small utilization ratio, but it is actually higher compared to light water 

reactors. LWRs operating with a once-through cycle, resource input is far higher than the fuel load 

into the reactor, since uranium must be enriched before it can be used as fuel. For 3 mass-% enriched 

fuel, it can be shown that 𝐼𝑟 ≈ 5.48 𝐿. With the specific burnup of around 30 000 MWd/ton, uranium 

utilization is rather modest: 

𝑈 =
𝐹

𝐼𝑟
=

𝐵

5.48𝐿
=
30 000𝑀𝑊𝑑/𝑡𝑜𝑛

5.48 ∗ 106𝑔/𝑡𝑜𝑛
= 0.0055 = 0.55% 

Regardless of burnup, fuel utilization ratios for the current, non-breeding thermal reactors are less 

than one percent. Fast spectrum breeder reactors may have fuel utilization of around 30 %, even 

without fuel recycling. If fuel is recycled, the calculation of the utilization ratio becomes more 

complicated, because part of the fuel is reprocessed and loaded back into the reactor. By fuel 

reprocessing and actinide separation, over 90 % fuel utilization ratio is possible, as only reprocessing 

losses limit 100 % fuel utilization. 

It should be noted that many LWRs today can surpass burnups of 50 GWd/ton, even though their 

resource utilization is not any higher. This is due to the fact that as uranium enrichment level increases, 

a smaller share of it can be loaded into the reactor. As stated above, the conversion ratio largely 
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determines the resource utilization capability. Extending refueling interval is considered very cost-

effective and therefore many ambitions to increase fuel enrichment, and thus the burnup, are mostly 

economical. With higher enrichment up to 5 %, refueling intervals could be extended and used to keep 

the reactor running for longer periods. 

Molten salt reactor operating without reprocessing and solely by the fertile feed, equilibrium burnup 

can be estimated as: 

𝐵 = 𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒/(𝐹𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 + 𝜆𝑟 ∗ 𝑁𝑎𝑐𝑡𝑖𝑛𝑖𝑑𝑒𝑠) 

, where 𝜆𝑟 is the reprocessing rate (1/s) and N is the number of actinides. The time required to 

reprocess whole core volume is 1/𝜆𝑟. Resource utilization is not always straightforward to determine, 

for example, if recycled actinides are used as starting fuel of MSR. It depends whether we consider 

those actinides as a resource or as waste, and policies vary. In the US it is currently forbidden to 

reprocess spent nuclear fuel, whereas in France and Russia, plutonium is recycled. 

It must be highlighted that a high burnup and a high fuel utilization are two separate things. Fuel 

utilization is determined largely by core neutronics performance, but burnups are also defined by the 

enrichment level of the used fuel. In principle, reactors using natural uranium utilize resources more 

efficiently, but have a lower burnup. For example, reactors using highly enriched uranium (HEU) have 

much larger share of fissile isotopes and thus larger reactivity reserve, which enables longer operation 

time and higher burnups. Fuel utilization, in turn, takes into account the efficiency of the enrichment 

process and the production of waste as depleted uranium and spent nuclear fuel (SNF). Considering 

these effects, natural uranium fueled CANDU reactor reaching a burnup of about 7.5 GWd/tonHM is 

almost equivalent to 50 GWd/tonHM of a LWR, with a typical low enriched fuel [12]. 

2. Nuclear Fuel Cycle 

Nuclear fuel cycle describes all processes between the extraction of natural uranium to the spent fuel 

disposal. It has a major impact on the amount of long-time radioactive waste produced and how 

efficiently resources are utilized. Fuel cycles may be open, partly or fully closed. In an open cycle, 

discarded fuel from the reactor is disposed after several decades of cooling in an intermediate storage. 

If the cycle is closed, actinides are separated from spent fuel in a reprocessing facility and converted 

into new fuels. Today, only plutonium and possibly uranium are recycled, whereas minor actinides are 

disposed. Open and closed fuel cycles, of current solid fueled reactors, are depicted in figure 6 below. 

The need for uranium enrichment depends on the reactor type and a type of reprocessing (loop on 

the right) is valid only for the closed fuel cycle. 
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Figure 6 Overview of the Nuclear Fuel Cycle [13] 

2.1 Abundance of Uranium and Thorium 

Uranium is rather common metal, occurring ~2.8 ppm on the earth crust (being about as abundant as 

tin or zinc). However, economically attractive deposits are distributed unevenly and several countries 

dominate production, namely Kazakhstan, Australia and Canada. For example China, which is 

estimated to become the largest consumer of uranium in the future, sees potential supply risks 

because of concentrated supply [14]. At the beginning of nuclear power era in the 1960s, known 

uranium reserves were rather small and concerns existed about its sufficiency. This boosted the 

development of effectively resource utilizing breeder reactors. As more uranium resources were 

discovered, interest to challenging and costly research work diminished and many project had their 

funding cut. 

Identified uranium resources today are considered sufficient for over a 100 years with current reactor 

technology and fleet. Uranium abundancy and relatively modest costs of the fuel, ~10% of total 

expenditures of the power plant, are not promoting efficient fuel use. Table 1 below presents 

estimated uranium and thorium resources in tons [15], in which reasonably assured and inferred 

resources comprise total identified resources. Further exploration of undiscovered resources depends 

largely on future fuel prices, but with current prices their evaluation is unlikely. In comparison, 

uranium (U3O8) prices have been around 50 USD/kg for the last ten years. The depression of uranium 

market is due to current production overcapacity and prices are estimated to remain rather stable. 
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Table 1  Uranium and Thorium Resources 

Resource category 
Year 2017 (% change to 2015) 

<USD 260/kgU <USD 80/kgU 

Uranium   

Reasonably assured (tU)* 4 815 000 (9.8%) 1 279 900 (4.6%) 

Inferred resources (tU)** 3 173 000 (-2.5%) 799 900 (-11.2%) 

Identified total (tU) 7 988 600 (4.5%) 2 079 500 (-2.1%) 

Undiscovered (tU)*** 5 032 100 ()  

Total requirement 62 825 tU (+11%) 

Thorium   

Reasonably assured + Inferred resources (tTh) 6 356 000 (+2.5%) 
 
* Comprise high confidence estimates of grade and tonnages of uranium deposit, compatible with mining 

decision-making standards 

** Requires further measurements prior to mining decisions 

*** Prognosticated and speculative 

Unconventional uranium resources are vast, situated mainly in seawater and phosphate minerals. 

Their exploitation would become economical only if prices rise significantly. Even though uranium 

reserves in seawater are substantial (~4500 million tU), concentration of only 0.001-0.005 ppm is the 

main challenge for exploitation. To produce annual world consumption of uranium, volume equivalent 

of the North Sea should be processed. By pumping, it would require more energy than the energy 

content of extracted uranium itself, and only great ocean currents could provide sufficient pumping 

capacity [16]. Uranium can be extracted from seawater by immersing large absorbents into the ocean 

currents and then recovering uranium after chemical processing. This has been demonstrated only in 

laboratory scale and process efficiency, as well as absorbent materials, require major improvements. 

Phosphate rocks comprise another unconventional uranium source, Morocco having by far the largest 

estimated reserves of over 6 million tU [15]. 

The utilization of thorium as nuclear fuel has gained a lot of attention since the abundancy of thorium 

in Earth’s crust is 3-5 times that of uranium. However, similar resource statistics as for uranium are 

not yet provided for thorium, since it is not used in any commercial power reactors today. Based on 

an IAEA report, identified worldwide thorium resources are between 6.35-6.37 million tons. Hence, 

nuclear fuel resources could be effortlessly doubled by developing and deploying fuel cycles based on 

thorium. The lack of economic interest and by-product nature of occurrence are the main reasons why 

thorium reserves haven’t been accurately defined [15]. At present, Brazil and India are the main 

producers of thorium, also having the highest identified resources among all countries. 

2.2 Conventional Fuel Cycle 

The nuclear fuel cycle starts with uranium recovery from the ground. Conventionally, uranium can be 

recovered from different ground deposits as a primary-, co- or byproduct. Today most of the uranium 

is recovered with different leaching techniques, in-situ leaching (ISL) being the most common. In ISL, 

groundwater solution (lixiviant), is first injected through the uranium bearing host rock. Part of the 

uranium is dissolved into solution and uranium-rich lixiviant is pumped to a processing plant for 

uranium recovery by ion exchange or extraction [17]. This process eliminates excavation, but 

depending on the ground type, acidic or alkaline chemicals in lixiviant are needed to retain uranium 

in the solution. Conventional mining of ore has become less attractive, since its impact on the 
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environment is larger and leaching technologies have evolved notably in the past decades. 

Nevertheless, energy consumption of the ISL is generally higher compared to ore mining, and the 

efficiency of leaching varies between different soil types [18]. 

Mines are usually located in close proximity to mills, where uranium ore is crushed. Milling extracts 

uranium from the ore (or leachate) and produces uranium oxide concentrate (“yellow cake”) with 

uranium content at least 80 mass-%. Concentrate is obtained by leaching a slurry into sulfuric acid to 

separate uranium from its bearing rock and precipitate uranium from the solution. Then uranium can 

be dried and packed as U3O8 concentrate for transportation to conversion facilities. Mill tailings 

(remainder of the ore) contain heavy metals and decay products of uranium, and must be stored 

separately. 

At the conversion facility, uranium oxide is reacted with fluorine gas to create gaseous uranium 

hexafluoride UF6. The product is suitable for enrichment processes, which all require substances in a 

gaseous form. If enrichment is not required, uranium can be reduced directly from UF6 to uranium 

dioxide. For transportation, UF6 can be first liquefied at a low temperature and left to passively 

crystallize during several days. During conversion processes, chemical toxicity is larger threat than 

radiological toxicity, due to highly irritative fluorine gas. Uranium is a heavy metal and hence 

chemically toxic, particularly affecting to the kidneys [19]. Radiological toxicity is rather low due to 

very long radioactive decay times of natural uranium isotopes, half lifes of 700 million and 4.5 billion 

years for 235U and 238U, respectively. 

Natural uranium has a fissile isotope 235U content of only 0.7%, so enrichment is required before 

uranium fuel can be used in light water reactors. Cautious handling of enriched uranium is crucial, 

since its criticality can be attained readily after the enrichment. Typically uranium is enriched to 3-5% 
235U content, but some research or naval reactors may need enrichment from 20% even up to 90% - 

which is also a minimum enrichment level for the weapons-grade uranium. All current enrichment 

processes are based on the minor mass differences between the isotopes, which makes separation a 

very demanding task. Currently 13 countries have confirmed to have enrichment capacity and due to 

proliferation issues, enrichment is controlled strictly with international agreements. Fuel enrichment 

and fabrication capacities clearly exceed the demand, and in the near future they should not limit any 

nuclear power growth. 

Isotope separation is fundamentally a process demanding a lot of energy, since the second law of 

thermodynamics states that entropy of any isolated system must increase. Because separated 

isotopes represent lower entropy than their mixture, work must be done to separate them [20]. Effort 

required to separate the isotopes can be measured by the Separative Work Unit (SWU/kg of product). 

SWU doesn’t include units of energy by physical means, but can be converted to energy or to cost 

units (kWh or USD /SWU). Illustrative curve with a typical 0.2% 235U tails (content of 235U in depleted 

uranium) is presented in figure 7 below:  
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Figure 7 Separative Work Unit (SWU) 

We can see that the separation work increases rapidly at the beginning, but flattens quickly. Because 

of this high non-linearity, most of the work is done already while increasing 235U fraction by just the 

first few percent. The separation factor characterizes how efficiently this separation work is done. It 

is defined as the following ratio: 

𝛼 =
𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑒𝑛𝑟𝑖𝑐ℎ𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚

𝐼𝑠𝑜𝑡𝑜𝑝𝑒 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑑𝑒𝑝𝑙𝑒𝑡𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚
   

The lower the separation factor, the more stages are needed to separate isotopes from each other. 
Naturally, this leads to higher energy consumption. It is worth noticing that similar graphs can also be 
drawn for other isotope separations. To increase the neutronics performance of the MSR, lithium or 
chlorine elements require enrichment, as we’ll discuss later. 

First commercial enrichment plants used excessive energy consuming gas diffusion technology. 

Gaseous UF6 feed was pressurized and cooled at every stage, which used substantial amounts of 

electricity. Then the pressurized gas was pumped through porous membranes for separation. In 

thermal equilibrium both isotopes have equal kinetic energy: hence lighter isotope moves slightly 

faster, diffuses more readily through the membrane and concentrates on the other side of the 

membrane. Since separation is proportional to the square root of isotope masses, theoretical 

maximum stage separation factor of α = 1.0043 radically limits its efficiency. To reach reasonable 

enrichment levels, separation required large multistage cascade systems, which optimal configuration 

depended on the desired enrichment level and plant capacity. 

Nowadays gas diffusion technology is obsolete and centrifugal uranium enrichment has become a 

standard. Centrifuges are also used widely in biology and medicine to separate substances of each 

other, but uranium separation requires more sophisticated technology due to negligible mass 

difference of its isotopes. In principle, gaseous UF6 is fed axially into quickly rotating cylinder, where 

centrifugal forces separate heavier isotopes to the edges of the cylinder. Molecules containing lighter 

isotopes can be collected from the upper part, near the walls, through a scoop and depleted gas 
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containing heavier isotope is extractable from the bottom in a similar manner [21]. Scoops and 

rotating cylinders are designed to generate an axial counter current flow, which enhances separation. 

The same effect could also be achieved by heating the lower and cooling the upper part of a cylinder, 

in order to create a linear temperature profile. 

Higher achievable separation factors of centrifugal separation (α = 1.1-1.5) enable operation with only 

several dozens of stages, compared to over thousands of stages required for gas diffusion plants. 

Separation factor is proportional to the square of rotational speed and inversely proportional to 

temperature. Thus, rotor materials must have a low specific weight and very high strength to 

withstand notorious forces induced by typical peripheral speeds of 400-700 m/s. The drawback of 

centrifugal enrichment is its low unit capacity. Uranium hexafluoride is fed into the centrifuge at a 

typical pressure of 1 mbar and only few grams of uranium can be processed at a time, and many 

parallel centrifuges must be constructed. 

Novel enrichment techniques based on laser isotope separation (LIS) are categorized as a generation 

three enrichment technologies. Major advantage of these quantum LIS methods is that in contrary to 

conventional mass difference based enrichment technologies, only particular isotope under interest 

must be energized. Proliferation concerns are apparent, since laser separation facility occupies a very 

small area and an enrichment facility could be hidden easily. However, development of the LIS 

technology is substantially harder compared to other alternatives. Earlier LIS concepts were based on 

atomic or molecular separation. Atomic Vapor LIS (AVLIS) involved selective excitation of 235U isotope 

from atomic uranium vapor, without the requirement to energize 238U. Molecular LIS (MLIS) involved 

dissociation of fluorine atom from gaseous 235UF6 to 235UF5, followed by its precipitation out of the gas 

[22]. AVLIS required much more energy to ionize 235U atom compared to the dissociation of fluorine 

by the MLIS, 6.1 eV and 2.7 eV correspondingly.  

Both technologies had drawbacks and were superseded before any commercialization by the 

Condensation Repression Isotope Separation by Laser Activation (CRISLA or CR-MILS). General idea in 

the CR-MILS is to selectively excite 235UF6 molecules diluted in carrier gas (H2, Ar etc.), resulting in 

different migration rates compared to 238UF6 molecules after expanding supersonic free jet [23]. At 

least two laser alternatives have been proposed: the first one applies pulsed high-power CO2 laser 

with a 16 µm wavelength, and another one applies CO laser with a 5.3 µm wavelength. Both 

wavelengths excite specific vibration modes of 235UF6, having energy requirements of 0.24 and 0.08 

eV, respectively. Very high enrichment factors of α = 2-10 are reachable, and in the future substantial 

cost reduction of the enrichment may be possible [24]. Laser separation could also provide 

improvements to SNF reprocessing as selective isotope separation becomes more efficient. Currently, 

however, no known investments in laser enrichment technology exist, and in the near future 

superseding of centrifugal technology seems unlikely. 

As stated above, energy consumption of different uranium enrichment technologies varies greatly. 

Table 2 below summarizes a typical SWU values of the enrichment. It can be seen that the LIS methods 

require significantly less energy than electromagnetic separation, since they deploy specific excitation 

of 235U isotope only, whereas in electromagnetic separation both isotopes must be energized. 
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Table 2 Uranium Enrichment, Separative Work Units 

Technology SWU [kWh/kg] 

Electromagnetic 5000 
Gaseous Diffusion 2400 

Gaseous Centrifuge 50-100 
Laser Enrichment 10-90 

Fuel fabrication is the last step before uranium is ready to be used as fuel. The process begins with 

heating solidified UF6 back into gaseous form and chemically convert it to UO2 powder. Burnable 

absorbers, such as gadolinium or erbium oxides, can be added into the mixture before compression 

into pellets. Pellets are sintered into ceramic form by heating them up to around 1750°C under inert 

atmosphere (typically argon-hydrogen gas). Due to a high melting temperature of uranium dioxide 

(2865°C), sintering eases fuel fabrication. Sintered pellets are machined into exact dimensions and 

inserted into metallic cladding tubes and constructed into fuel assemblies, each containing a few 

hundred fuel rods.  

A 1000 MWe reactor requires around 25 tons of fresh enriched fuel (200 tons of natural uranium) 

each year. In comparison, a 1000 MWe coal power plant requires about 7000 tons of coal daily and 

produces around 20 000 tons of CO2. Generally, each fuel assembly spends 3 to 5 years in the core, 

until excess reactivity is consumed and the assembly must be replaced. After reactor shutdown, heat 

must be removed from the core to prevent meltdown of the fuel (radioactive decay corresponds 

roughly 7% of operation power immediately after shutdown, decreasing to 1% after an hour). Heating 

levels of discharged LWR fuel are typically 10-40 times higher compared to fast spectrum systems [25].  

Refueling of liquid fueled MSRs is distinctly different in comparison to solid fueled reactors. Liquid fuel 

could be added or taken out continuously or in a batch-wise manner. This enables full power operation 

during the fuel exchange and thus significantly reduced the need for reactivity excess. Solid fueled 

reactors must be shut down for refueling, except some pressure tube reactors such as CANDU, in 

which reloading at limited power is possible. All steps up to this point, constitute the so-called front-

end of the fuel cycle. Back-end of the nuclear fuel cycle starts, after the spent fuel is discharged from 

reactor. This is discussed more in the sections 2.4 and 2.5. 

2.3 Thorium Fuel Cycle 

Thorium is approximately four times as common as uranium and 5000 times more abundant than gold 

in the Earth’s crust. Typically, thorium occurs together with rare earth elements and its main source 

today is phosphate mineral monazite, which contains even up to 6-12 % thorium phosphate [26]. From 

monazite, it can be leached by sodium hydroxide or sulfuric acid at around 140 °C temperature and 

precipitated to ThO2 after relatively complex chemical processing. Thorium mining is considered easier 

than uranium, since thorium ore deposits are mostly extractable by open mining. Thorium is not 

soluble to water and doesn’t occur in seawater. 

Thorium fuel cycle would yield to lower production of actinides and hence reduce long-time 

radioactivity of the spent fuel. Thorium itself has many attractive properties as nuclear fuel, but mainly 

for economic reasons it is currently not used. Thorium dioxide (ThO2) has higher thermal conductivity, 

lower thermal expansion and lower fission gas release compared to UO2. It has one of the highest 

melting point of oxides (3390 °C), which provides extra safety margins for operation, but poses 
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difficulties in solid fuel fabrication. Drawbacks are that natural thorium lacks fissile isotope and is 

composed almost entirely of fertile isotope 232Th (230Th 0.02%), being fissionable only by fast neutrons. 

Its fast fission probability is smaller compared to 238U and it performs clearly better in thermal 

spectrum reactors, in which conversion to fissile 233U is efficient. Moreover, large surplus of depleted 

uranium would secure the fuel supply for fast reactors for many decades. 

Thorium fuels have been proposed to improve power profiles of light water reactors and to increase 

breeding, resulting in better resource utilization. They could be used with the most reactor types: 

BWR, HTR, MSR, PHWR and also with subcritical ADS. High endurance of thorium fuel makes it well 

suitable for high temperature reactors. Flexible on-line refueling capability favors thorium usage in 

the PHWRs, from which converted 233U could be recovered. In boiling water reactors, flexible fuel 

assembly design would allow combinations of thorium and uranium rods, but pressurized water 

reactors are not as easily converted to heterogeneous assemblies. Commercial employment of the 

thorium fuel cycle is not a cost-effective option today and significant amount of research input is 

needed to employ cycles in practice. There are several aspects, which need further evaluation: 

Generation of fissile material by transmutation of 232Th to 233U. Also fissile starting fuel (233U, 
235U or 239Pu, MA) is required – obtaining these isotopes poses difficulties 

 Fuel manufacturing – solid fuel hard to fabricate, liquid fueled MSRs seem attractive 

Fuel reprocessing – strong γ-emitters of protactinium decay chain, particularly (208Tl 2.61 MeV 

and 212Bi 1.62 MeV) and thorium extraction processes not matured 

Proliferation – 233U weapon-usable material 

Conceptual design – optimal geometry, controllability, system configuration etc., and core 

heterogeneity probably needed to reach high conversion ratios → difficulties in design 

Economic applicability – uranium as a resource still abundant 

2.4 Open Cycles 

After spent fuel is discharged from reactor, it is typically held for several years in water filled pools at 

power plant area. During that time, its temperature decreases to a level, that storing in dry casks or 

transportation to a reprocessing plant becomes possible. After short-term storage, intermediate 

storage for several decades is a worldwide convention in open fuel cycles. Type of intermediate 

storage varies between the countries, and for example Finland stores spent fuel in wet pools at each 

site area, whereas Switzerland has a common dry cask storage facility [27]. After intermediate storage, 

SNF can be packed inside metal capsules and buried into bedrock. This final repository should confine 

the SNF for hundreds of thousands of years until the high radioactivity has diminished. Currently, final 

repositories don’t exist in operation, but the first one is scheduled to start its operation in Finland in 

the 2020s [28]. 

2.4.1 Once Through 

Once through cycle has maintained its popularity during the years and is employed in the vast majority 

of reactors today. It is considered safe and economical, since spent fuel is stored without any 

reprocessing of highly radioactive materials. Disposal of recyclable actinides is a paramount downside 

by the means of effective resource utilization. 
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Current solid fueled reactors are generally stopped yearly for maintenance and refueling. At that time, 

typically one third of the fuel is taken out of the reactor and corresponding amount of fresh fuel is 

loaded into the core. Fuel rods are reshuffled to limit neutron fluence to structural materials and to 

maintain even flux, which yields to higher burnups. This reordering also inhibits uneven fission poison 

buildup and power peaking. Solid fueled reactors can be designed also for on-load refueling such as 

Canadian CANDU, British AGR or Russian RBMK reactors. With them, residence time of the fuel varies 

between different enrichment levels, providing operational flexibility. In RBMK, slightly enriched 

(around 2-2.4%) fuel can stay in the reactor for up to 6 years. 

Accumulation of fission products inside the fuel rods increases parasitic capture and together with 

decreasing main fissile isotope 235U, positive reactivity can be maintained only for a limited time. 

Batch-wise refueling requires large positive reactivity reserves at the beginning of each cycle. It must 

be compensated by burning absorbers or chemical shim, i.e. by diluting boron acid (H3BO3) into the 

coolant. Control rods are primarily used for short time scale control to prevent transients in the core 

or to ensure an immediate shutdown. Materials used in the control rods must have large absorption 

cross section and traditionally boron carbide (B4C) or Ag-In-Cd alloys, but also hafnium and Dy2O3TiO2 

have been applied. 

2.4.2 Breed and Burn 

Interesting alternative for a conventional once through cycle is the breed and burn (B&B) cycle, which 

can be considered a modified open cycle. As the name suggests, B&B reactor is able to breed its own 

fuel from the fertile nuclei feed. Hence, it must have high neutron economy and breeding has to be 

so effective, that neutron losses due to parasitic captures and leakages are surpassed. To reduce 

neutron leakages, large core sizes and wide reflectors or blankets are generally required. Removing 

enrichment process is advantageous regarding efficient resource utilization. In addition, improved 

proliferation resistance can be achieved, as neither the fertile fuel feed nor discharged fuel are 

weapons-usable material. Depleted uranium stocks are large, and their amount can be reduced with 

B&B reactors.  

Solid fueled B&B reactors can be divided into two groups. In travelling wave (TW) reactors, burning of 

fuel occurs as a wave, proceeding to breeding sections over time. In standing wave (SW) type, both 

burning and breeding take place at the same location and time [29]. By mixing fuel elements with 

different burnups, optimal flux can be maintained. New fertile fuel is added to the core to breed new 

fissile fuel and part of the old fuel, with higher concentration of fission products, is taken out. In liquid 

fueled reactors, fuel mixes continuously and burnup can be assumed to be constant within the fuel. It 

is important to notice, that the fuel reprocessing rate largely determines the equilibrium burnup of a 

liquid fueled reactor.  

Both reactor types require initial fissile load to maintain criticality until sufficient amount of new fissile 

material is converted. This load can include various fissile materials such as plutonium or highly 

enriched uranium (HEU). Some B&B reactors can be designed to start breeding with separated 

actinides from transuranic waste (TRU). Different start-up fuel options for the MSRs are discussed 

more in the chapter 3.3.2. Once breeding has started, reactors are in principle able to operate 

infinitely, if a new fertile feed is provided (and spent fuel discharged). The equilibrium composition is 
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feed and core specific, but independent of the starting fuel composition. In practice, irradiation 

damage to structural materials becomes excessive and operational years are limited. 

2.5 Closed Cycle 

In closed fuel cycles, spent fuel is reprocessed and all or part of the actinides are separated from the 

fission products. Closed cycles are considered a future alternative in order to enhance fuel utilization 

and to minimize long-time radioactive waste by recycling fissionable actinides. The advantages of the 

closed cycle include increased availability of nuclear material, replacement of enrichment services and 

increased security of supply [30]. The use of thorium as fuel is closely connected to closed fuel cycles, 

due to separation of 233Pa -and more importantly its decay product 233U- as performance 

enhancement. 

Efficient spent fuel reprocessing is still a major challenge. Today closed fuel cycle is not favored and 

policies between countries vary. For example in the US, the building of reprocessing facilities is 

forbidden, but some countries are developing reprocessing technology (mainly China, Japan, Russia 

and France). Many reprocessing technologies are planned to be deployed together with fast neutron 

reactors, which, in principle, are able to burn all actinides. Considering breeder reactors, discarded 

fuel could be reprocessed and used as starting fuel for other reactors. This so-called spawning is 

capable to increase fuel utilization substantially, even up to 95% [29]. 

Reprocessing differs between solid and liquid fuels. If solid fuel is reprocessed, it may be firstly stored 

for several years to decrease its radioactivity. Liquid fuels, instead, are suitable for pyroprocessing as 

‘hot’ salts, straight after discarding from the core. More analysis about pyroprocessing and other liquid 

fuel salt reprocessing technologies can be found from chapter 3.4. 

Two types of reprocessing technologies exist for standard uranium oxide fueled LWRs, namely 

aqueous and pyroprocessing methods. The most widely used aqueous method is hydrometallurgical 

PUREX (Plutonium URanium EXtraction) process, which was developed in the 1940s and is currently 

the only commercially utilized method for uranium and plutonium separation from spent oxide fuel. 

The process is well-proven at an industrial scale and separates plutonium and uranium very efficiently. 

The process can be divided into the following steps [31]: 

1. Fuel pellets are dissolved into aqueous nitric acid 

2. Organic solvent of 30-70% tributyl phosphate (TBP) and hydrocarbon diluent (e.g. kerosene) is added 

into solution 

3. Intensive mixing separates U and Pu nitrates into solvent, leaving other actinides and FPs to aqueous 

nitric phase 

4. Solvent extraction and partitioning of U (+decontamination) 

5. Solvent extraction and partitioning of Pu 

6. Solvent & nitrid acid recovery 

Various organic solvents have been studied to extract different actinides more effectively. An 

advanced PUREX process based on two organic reductants N,N-dimethylhydroxylamine (DMHAN) and 

methylhydrazine (MH) could simplify the process, leading to higher efficiency of U/Pu separation and 

avoiding the formation of explosive HN3 [32]. Selective neptunium extraction from the PUREX raffinate 

has been studied to reduce long-time radioactivity of the SNF [33], followed by americium (for 
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oxidation control) and curium extraction [34]. Remaining waste containing fuel rod claddings etc. is 

typically vitrified before its final disposal. The separation of minor actinides (Np, Cm, Am) would 

become more attractive, if fast spectrum reactors were utilized more widely. 

After reprocessing, recycled uranium and plutonium isotopes must be converted back into suitable 

form for reactor use. Spent fuel is recycled mostly into Mixed Oxide (MOX) form, providing almost 5% 

of the nuclear fuel today. Weapons-grade plutonium reserves are also reduced widely by their dilution 

into the mixture. MOX fuel behaves similarly than conventional uranium fuels, but reactors must be 

licensed for them, since they have an impact on performance and safety parameters. Today MOX fuels 

are widely used in Japan and Europe. Japan is building a new MOX-facility and has struggled to comply 

with regulatory requirements, but after delays it is expected to complete the facility in 2022 [35]. 

About 12% increase of total energy derived from natural uranium is achievable only by plutonium 

recycling and 22% if uranium is also recycled [36]. As a rule of thumb, seven UO2 fuel assemblies give 

rise to one MOX assembly. Alternatives for the MOX exist, however, they are still in infancy. Without 

separation of uranium and plutonium from each other, they can be mixed with highly enriched 

uranium to form a REgenerated MIXture (REMIX) fuel. This fuel is designed for Russian VVER-1000 

reactors with 4-year refueling intervals, having an average discharge BU of around 49 MWd/kg. 

Compared to open cycles, as much as 28% of natural uranium could be saved by using REMIX fuels 

[37]. Moreover, 100% deployment of REMIX fuel is possible. MOX fuel instead, typically has a 

maximum share of 50%. Compared to natural uranium, spent fuel contains higher share of all lighter 

isotopes of U, which are also enriched through conventional enrichment processes. For thermal 

spectrum reactors, MOX fuels can be reprocessed practically only once, due to higher parasitic capture 

of these uranium and plutonium (mainly 240Pu) isotopes. REMIX fuels can be processed even five times. 

The reprocessing of the spent fuel is costly and technically demanding. Spent fuel is far more 

radioactive than fresh fuel, and it contains hundreds of fission and activation products. Reprocessing 

requires specialized reprocessing facilities such as remotely controlled systems and strong radiation 

shielding. If reprocessing facility is not located at the power plant area, transportation of spent fuel 

has to be secured. This raises proliferation concerns and transport monitoring of the spent fuel is 

required. In addition, current uranium prices are not encouraging enough to develop reprocessing 

technologies. On the other hand, actinide recycling is clearly beneficial by the means of sustainability, 

since the material can be converted into new fuel instead of buried into ground. 

3. Molten Salt Reactors 

A reactor using molten salts as a coolant was first proposed in the United States already in the late 

1940s. Today they are considered one of the most promising Gen IV reactors, having many peculiar 

features. Molten salt reactors consist of a wide variety of designs and unlike in any other reactor type, 

the nuclear fuel can be completely in liquid form. Also, conventional solid fueled reactors, where 

molten salts act only as a coolant, have been demonstrated. They are less radical idea and could 

facilitate easier transition towards liquid fueled MSRs. However, in this thesis we focus on the liquid 

fueled reactors because of their promising and more unique characteristics.  

Figure 8 below represents various MSR concepts. The upper branch consists of solid fuel designs, in 

which the fuel can be inside durable pebbles or conventional prismatic elements. Circulation of 
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pebbles slowly through the core would enable flexible on-load refueling. All solid fuel designs are 

moderated and thus have a thermal spectrum. All moderated reactors in turn, have a fluoride salts as 

coolants. Liquid fueled reactors are divided into fluoride or chloride salts and may have homogeneous 

or heterogeneous structure. Spectrum of the MSRs can vary from thermal to fast, the former 

representing more heterogeneous and the latter homogeneous design. MSR core can be flexibly 

designed for acting as a burner, converter or breeder. Different fuel cycles from once-through to a 

fully closed fuel cycle are not depicted in figure, but are all possible. Closed cycles are still in infancy 

and therefore modified open cycles are most probably demonstrated first with the MSR technology. 

 

Figure 8 MSR Design Classification Tree [38] 

Homogeneity of the core plays a significant role considering the reactor performance, but also in 

neutronics modeling. Solid fueled MSRs are obviously heterogeneous since coolant salt flows around 

solid fuel elements and possible moderator sections. In liquid fueled reactors the fuel is, in turn, mixed 

in continuous flow and no moderator or other elements within the core exist. Hence the burnup of 

fuel salt is practically constant. Liquid fuels eliminate need for fuel loading patterns, which simplifies 

the operation. Liquid fueled MSRs typically require a secondary circuit, but the solid fueled MSR 

systems may include only a primary circuit as the salt remains far less radioactive during the operation. 

3.1 History of the MSR 

History of the molten salt reactors began in the US in 1950, as it became the main concept of Oak 

Ridge National Laboratory’s (ORNL) effort for Aircraft Nuclear Propulsion (ANP) program [39]. It was a 

part of the US army effort to develop a nuclear powered bomber, capable of worldwide operation. 

The first test reactor started its operation four years later as a part of Aircraft Reactor Experiment 

(ARE). Its specific objective was to build and operate high-temperature, low-power circulating-fuel 

reactors and test suitability of the materials [40]. Within nine days of operation, the reactor reached 

2.5 MWth power and steady-state temperatures up to 860°C. Salt flowed inside Inconel tubes to 

prevent contact with the beryllium oxide moderator. Before the experiment, there were doubts if the 

loss of delayed neutron precursors due to the fuel circulation would cause power oscillations. 
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However, ARE was shown to be very stable and self-regulating its power, i.e. produced power followed 

extracted power conveniently [41]. Some fission fragments, particularly 135Xe, were observed to 

escape the molten salt, prompting leak control and a gas extraction system. 

After successful experiments, a larger 60 MWth aircraft reactor test (ART) was planned to prove the 

concept. Design basis was different from commercial reactors: very high power density over 1000 

MWth/m3 (PWR ~100 MWth/m3), mechanical durability to withstand considerable accelerations of the 

plane and reliable control mechanisms capable of responding rapidly and powerfully [42]. ART facility 

construction was near completion when the ANP program was cancelled in 1961, after inter-

continental ballistic missiles made nuclear airplane technology unnecessary.  

ANP program showed favorable characteristics of the molten salts for civilian nuclear power. Since 

ARE was conducted with highly enriched uranium and operated for only short period, new 

demonstrations were necessary to prove the technology for civilian use. The design of the molten salt 

reactor experiment (MSRE) began in 1960 and five years later criticality of the test reactor was 

attained. In the following year, the full design power of 8 MWth was obtained. Initial salt composition 

was 33% enriched UF4 dissolved into lithium, beryllium and zirconium fluorides. Secondary loop 

contained FLiBe salt, which later became a reference salt for many conceptual studies. 

Single fluid reactor core of the MSRE, including air cooled secondary circuit is the reprocessing rate 

and graphite moderator, wasn’t able to breed (Breeding Ratio 0.8-0.9) but proven high reliability 

during several months of continuous operation in over 650°C temperatures and under atmospheric 

pressure. Radioactive liquids and gases were contained safely and new structural materials proven 

compatible with the salts. Novel fuel reprocessing facility was built in 1968 to separate uranium from 

fluorides. A charge of 233U was loaded into the core, which made it the first reactor in history to 

operate with that particular isotope. Breeding experiments from 232Th were scheduled to be 

conducted later, but were cancelled. In addition, it became the first reactor to use mixed plutonium-

uranium fuel salt. After shutdown in 1969, the experiments were regarded extremely successful.  

To improve breeding, another salt around the core was suggested. It was evident that this two-fluid 

reactor would perform neutronically better and could be able to breed. Hence, the concept of molten 

salt breeder reactor (MSBR) was evaluated concurrently in 1964. With proposed two-fluid layouts, 

good breeding characteristics were achievable (BR 1.07-1.08). Complex structure and the discovery of 

a low graphite lifetime under heavy irradiation, led focus back on one-fluid systems. At the same time 

an efficient method for 233Pa and rare-earth element extraction by liquid bismuth was demonstrated 

at a laboratory scale, moving one-fluid layouts closer to breeding. 

MSR research was terminated due to budgetary reasons first in 1973 and again in 1976, at a time when 

two-fluid modular plant designs were studied (so, modular reactor design is not a new concept). The 

funding of nuclear power was further directed to the development of liquid metal fast breeder 

reactors (LMFBR). They deployed the same U/Pu cycle than LWRs, which made them a logical ”next 

step”. Radically different approach, including strong focus on chemistry and a tricky reprocessing of 

molten salts, were also considered disadvantageous for the MSR concept [43]. In addition, research 

was conducted almost entirely by ORNL, which made its support insufficient. 

After the MSRE program was shut down, research activities of the MSRs gradually abated. Several 

Japanese universities focused on chemistry and research was pursued by certain individuals mainly in 
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France, India and USSR [44]. The UK had their own confidential program and from the 1970s well-

developed design of a massive 2.5 GWe He-cooled fast spectrum MSR with chloride salt was published 

later [45]. In 1980 ORNL published a study of denatured MSR (DMSR), which was designed 

proliferation resistance by operating without HEU and fuel reprocessing, having a 30-year open fuel 

cycle with a conversion ratio around 0.8 [46]. 

When the Chinese research program started in 1970, the Shanghai Institute of Nuclear Research (SINR) 

zero power MSR experiment was strongly inspired by the US pioneering program [47]. Due to 

corrosion problems, the program was suspended and focus turned on light water reactors, which were 

starting to gain position as leading technology. It is worth noticing that the first light water reactors 

for civilian use started operating in the late 50s – several years after the start of the first MSR 

experiments. 

South Korea’s MSR program dates back to 1998, when the basic concept of the MSR that burned DUPIC 

fuel was developed by Ajou University [48]. Core containing a blanket and a seed was considered to 

act as a burner, having a low conversion ratio of 0.3. South Korea has plans to phase out nuclear power 

in the following decades and today research activities of MSRs are low. Only related activities include 

a 10-year R&D agreement with the US DOE to experiment pyroprocessing and its proliferation 

resistance, signed in 2011 [49]. 

When the MSR technology was included to the Gen IV concepts in 2002, growing interest started to 

emerge. Fluoride salts and their reprocessing technologies were promoted to main focus areas. 

Research was still carried out by a rather small number of research institutions mainly in the EU, Russia 

and the US [50]. EDF France began studies of the actinide burner on thorium support (Actinides Molten 

Salt TransmutER, AMSTER), which was an adaption of the MSBR [51]. Thorium breeder in thermal 

spectrum was considered from 2001-2005, but a re-evaluation of the MSBR technology showed 

problems specifically with the graphite moderator and a high reprocessing rate. Unmoderated 

thorium breeder was subsequently defined as the most practical and sustainable option. Ability to 

burn plutonium and TRU waste seemed attractive, as well as deployment of the thorium fuel cycle. 

3.2 Current Research Activities 

Today active research programs are maintained both nationally and by several companies, who pursue 

to commercialize MSR technology. Table 3 below shows current worldwide research activities. Despite 

a large amount of concepts, most of them are developed for research purposes and only a few realistic 

designs persist. Most studies are still focused on thorium fueled reactors with fluoride salts and it is 

worth noticing that all moderated concepts have graphite as a moderator and fluoride salts. 

Table 3 MSR Reactor Concepts 

Name Developer Power, MWth Fuel/Carrier/Moderator 

Liquid Fuel Fast & Epithermal Spectrum MSRs 

U-Pu Fast Molten Salt 
Reactor (U-Pu FMSR) 

VNIINM, Russia 3200 UF4-PuF3/7LiF-NaF-KF 

Molten Salt Actinide 
Recycler and 

Transformer (MOSART) 

Kurchatov Institute, 
Russia 

2400 
(TRU)F3 or ThF4-UF4/7LiF-

BeF2 or NaF-7LiF-BeF2 
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Indian Molten Salt 
Breeder Reactor 

(IMSBR) 

Bhabha Atomic Research 
Centre (BARC), India 

1900 ThF4-UF4/LiF 

Molten Salt Fast  
Reactor (MSFR) 

SAMOFAR, EU (France 
lead) & Switzerland 

3000 ThF4-UF4/7LiF 

Stable Salt Fast Reactor 
(SSR-W) 

Moltex Energy, UK 750-2500 PuF3/Chlorides 

Molten Chloride Salt 
Fast Reactor (MCSFR) 

Elysium Industries, 
Canada & US 

110-2700 U-Pu/Chlorides 

Molten Chloride Fast 
spectrum Reactor 

(MCFR) 
TerraPower, US ? U-Pu/Chlorides 

Dual Fluid Reactor 
(DFR) 

Dual Fluid Reactor, 
Germany 

3000 U-Pu/Chlorides 

Liquid Fuel Thermal Spectrum MSRs 

Thorium Molten Salt 
Reactor, Liquid Fuel 

(TMSR-LF) 

Shanghai Institute of 
Applied Physics (SINAP), 

China 
395 

ThF4-233UF4/7LiF-
BeF2/Graphite 

Liquid-Fluoride 
Thorium Reactor (LFTR) 

Flibe Energy, US 600 
ThF4-233UF4/7LiF-
BeF2/Graphite 

Thorium Molten Salt 
Reactor (Th-MSR), 

based on FUJI-concepts 

Thorium tech Solutions 
Inc. (TTS), Japan 

450 
ThF4-233UF4/7LiF-
BeF2/Graphite 

Advanced Molten-salt 
Break-even Inherently-

safe Dual-mission 
Experimental and Test 
Reactor (AMBIDEXTER) 

Ajou University, South 
Korea 

250 

233UF4-ThF4/7LiF-
BeF2/Graphite 

or NaF-ZrF4 

ThorCon Reactor 
ThorCon Power 

International, Signapore 
/ USA 

557*2 UF4/NaF-BeF2/Graphite 

Integral Molten salt 
Reactor (IMSR) 

Terrestrial Energy, 
Canada & US 

400 UF4/Fluorides/Graphite 

Stable Salt Thermal 
Reactor (SSR-U) 

Moltex Energy, UK 300-2500 UF4/Fluorides/Graphite 

Compact Used fuel 
BurnEr (CUBE) 

Seaborg Technologies, 
Denmark 

250 SNF/Fluorides/Graphite 

Process Heat Reactor Thorenco, US 50 UF4/NaF-BeF2/Be rods 

Transatomic Power 
MSR (TAP)* 

Transatomic Power, US 1250 UF4/FLiNaK/SiC clad ZrH1.6 

Solid Fuel MSRs, all Thermal Spectrum 

Advanced High 
Temperature Reactor 

(AHTR) 
ORNL, US 3400 

Coated U particles in 
blocks or 

plates/FLiBe/Graphite 

Small Advanced High 
Temperature Reactor 

(SmAHTR) 
ORNL, US 125 

Coated U particles in 
blocks or 

plates/FLiBe/Graphite 

Pebble-Ped – Fluoride 
Salt-Cooled High 

Temperature Reactors 
(PB-FHR) 

UC Berkeley, MIT & 
University of Wisconsin-

Madison, US 
242 

TRISO-coated 
LEU/FLiBe/Graphite 

pebble bed 

Indian High 
Temperature Reactor 

(IHTR) 

Bhabha Atomic Research 
Centre (BARC), India 

600 
TRISO-coated U-

Th/FLiBe/Graphite pebble 
bed 
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Thorium Molten Salt 
Reactor, Solid Fuel 

(TMSR-SF) 

Shanghai Institute of 
Applied Physics (SINAP), 

China 
395 

TRISO-coated U-
Th/FLiBe/Graphite pebble 

bed 

Molten-Salt reactor 
with Micro-Particle 

Fuel (MARS) 

Kurchatov Institute, 
Russia 

16 
TRISO-coated 

LEU/FLiBe/Graphite 
pebble bed 

Fluoride Salt Cooled, 
High Temperature 
Reactor (FHR type) 

Kairos Power, US ? Ceramic fuel 

* Bankcrupty in 2018 

China has taken a leading position in MSR research with the aid of extensive funding from the 

government, which has a high ambitions to deploy sustainable and less pollutive energy production 

technologies. Chinese Academy of Science (CAS) announced an investment of 3 billion USD for the 

MSR development during the next two decades and many research programs have been launched in 

recent years. Currently, new designs are mostly developed by the Shanghai Institute of Applied Physics 

(SINAP), which has completed a preliminary engineering design for the first experimental MSRs. 

China is developing two Thorium-Breeding MSR (TMSR) concepts parallel: one for solid (TMSR-SF) and 

one for liquid fuel (TMSR-LF). First prototype would be the solid type, since technology and processes 

for solid fuel handling already exist and it seems to be a natural step before proceeding to the closed 

cycle with liquid fuels. Over the years, TMSR project has grown to include over 400 scientists with wide 

expertise. For example ultrafine graphite, nickel superalloy and corrosion control technologies are 

being developed. Nuclear grade thorium and 7Li extraction and separation have been studied, and 

pyroprocessing was selected as the main reprocessing technology.  

ORNL and SINAP signed the Cooperative Research and Development Agreement (CRADA), which 

focuses on fluoride salt-cooled high-temperature reactors (FHR). The CAS has objectives with ORNL’s 

technical support to construct pebble-bed FHR test reactors in China, first one around 10 MWth 

followed by a 168 MWe, both using LEU in TRISO particles [52]. Construction of a liquid fueled 2 MWth 

test reactor (TMSR-LF1) is planned to finish by 2020. It would demonstrate thorium cycle with 

pyroprocessing and provide a platform for the subsequent 168 MWe demo reactor, which is estimated 

to be completed by 2030, reaching impressive 330 GWd/t burnups [53]. Economically, target of the 

following commercial reactors is to become cheaper than coal. 

Czech Republic launched a new four-year project in 2017 that focuses on developing MSR and FHR 

technologies. Consortium consist of Czech research institutes and several companies. Three key areas 

were selected [54], which also represents the field of MSR studies well in general: 

Theoretical and Experimental Physics of MSR/FHR: Experimental work concerning neutronics of the 

pure FLiBe salt and its mix with thorium and uranium fluorides. Main objective will be determining 

fluoride salt properties in the LR-0 test reactor, located at the Research Centre Řež. 

Chemistry and Chemical Technology of MSR: Verification of the liquid MSR fuel processing, 

production of ThF4 and UF4, electrochemical extraction of thorium and uranium and removal of fission 

products from the carrier FLiBe salt. Attention is also paid to protactinium separation and fused salt 

volatilization techniques to extract uranium as a gaseous UF6. 
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Structural Materials and Components of MSR/FHR: High temperature test loop launched in 2017 for 

the studies of nickel superalloy MONICR. Development of specific pumps, valves and graphite gasket 

seals are also under way.  

The SAMOFAR (Safety Assessment of the MOlten Salt FAst Reactor) project is one of the major projects 

in the Euratom research programs and is led by the Netherlands. The project is divided into five main 

work packages, which are all related to reactor safety. For example numerical simulation of accident 

scenarios and transients, as well as experimental freeze plug and natural circulation dynamic studies 

are conducted [55]. In addition, French National Centre for Scientific Research (CNRS) carries out 

several studies including tests of helium bubbling, liquid-gas separation and electrochemical behavior 

of zirconium in the salt. 

India has remarkable thorium resources and the development of thorium fueled reactor technology 

has been under great interest to provide long-term energy security. Indian Academy of Sciences 

published the conceptual design of the Indian Molten Salt Breeder Reactor (IMSBR) in 2015 [56]. It 

would be the third stage of nation’s ambitious nuclear power program, but a vast amount of research 

is required before the completion of the IMSBR. In Russia, main attention is currently on liquid fueled 

fluoride-based systems. Their design objective of the Molten Salt Actinide Recycler and Transmuter 

(MOSART) is to close the fuel cycle for all actinides and feed the MSR solely by transuranics extracted 

from the spent fuel of their current VVER reactors.  

Terrestrial Energy’s Integral MSR has just entered phase 2, pre-licensing vendor design review (VDR), 

with the Canadian Nuclear Safety Commission [57]. It is a remarkable milestone since they were the 

first company to secure a formal position for a commercial Gen IV power plant design from a western 

nuclear regulator. Its integral design is applied, meaning that all primary reactor components are 

sealed and replaceable from the core. Lifetime of the core is estimated to be seven years with a net 

efficiency around 45%. Reactor may use standard LEU and should be passively safe (“walk-away” 

safety). Design layout is depicted in figure 9 below: 
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Figure 9 Terrestrial Energy’s IMSR Layout 

Moltex Energy design contains salts inside the vented fuel tubes and assembly structure similar to 

current PWRs, concept named as Stable Salt Reactor (SSR). Design enables normal pumping 

equipment for core coolant salt circulation, because high-radioactivity fuel salt is contained inside the 

tubes. In addition, complex modeling of coupling between neutronics and thermohydraulics of 

circulating fuel salt is removed. Neutron screening and protection of the components beyond the core 

is possible by including hafnium to the coolant salt [58]. Thus, a high neutron flux would be located 

mainly within the replaceable fuel assemblies. Natural convection of air should be sufficient to secure 

decay heat removal also after immediate shutdowns. In 2018, Moltex signed an agreement for the 

first deployment of their stable salt reactor wasteburner (SSR-W) in New Brunswick, Canada [59]. The 

first reactor is scheduled to start operation before 2030. Moltex SSR design includes energy storage 

that can produce electricity at triple its reactor power for eight hours a day during peak demand. 

In 2015, an independent technology assessment of the Flibe Energy’s liquid fluoride thorium reactor 

(LFTR) design was published [60]. The concept draws heavily on ORNL’s work over the MSRE and MSBR 

programs, but more development work is required before commercialization. In 2018, the company 

received funding from the US Department of Energy as a part of domestic advanced nuclear 

technology projects, allotted for the studies of nitrogen trifluorides suitability to remove uranium from 

the fuel salt [61]. 

Thorcon Power (Martingale Inc) plans highly modular plant layout, placing reactors underground. The 

entire plant could be built in blocks on a shipyard-like assembly line, limiting the site work only to 

excavation and block mounting. Modular design would allow easy maintenance of the key parts, for 

example change of the primary loop and its dispatching to the recycling facility for refurbishment, 

every four years or so. This design is very similar to the MSRE and an ambitious target is to inaugurate 
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the first plant at the end of year 2025. Indonesia completed the pre-feasibility study in 2017 and 

included thorium MSRs as an option for the national electricity business plan of the following decade 

[62]. Thorcons concept is targeted for countries, which don’t necessarily have reliable electric grids, 

having a black start capacity [63]. 

Seaborg’s CUBE reactor has a high power density in a small one-fluid core, focusing particularly on SNF 

burning with thorium support [64]. Another Danish company, Copenhagen Atomics, is currently 

designing and building molten salt loops, studying nozzle spraying for the FP removal and developing 

salt composition measurements [65]. Their Laser Induced Breakdown Spectroscopy (LIBS) would 

enable real-time monitoring of salt without physical contact with the samples. Main idea behind the 

technology is to generate micro-plasma with laser and analyze light characteristics from the excited 

sample. Noble gas and other volatile FP removal could be improved by vacuum spraying. The main 

principle is similar to helium bubbling, but larger surface to volume ratio would yield to increased 

evaporation rate of volatile compounds. 

TerraPower was established in 2006 by Bill Gates and has design programs for two fast reactors: 

Traveling Wave Reactor (TWR) and the Molten Chloride Fast Reactor (MCFR), the former being closer 

to completion. In 2016, TerraPower awarded from the US DOE five-year $40 million grant for the 

development of the MCFR program [66]. Elysium Industries has got also grants from US DOE and is in 

many ways similar to TerraPowers concept [67]. 

Dual-Fluid Reactor, developed by the Institute for Solid-State Nuclear Physics of Berlin (IFK), lacks 

funding, but represents a radical concept, by incorporating both molten salts and metals [68]. The fuel 

would be contained in the molten salts, liquid lead coolant transferring the heat in the secondary 

coolant loop, as depicted in figure 10 below. Ambitious design includes use of undiluted actinide 

trichlorides (melting temperature around 830°C) without any carrier salt [69]. The fuel salt with high 

actinide content could be circulated slowly, as the heat removal rate could be adjusted by varying 

metal coolant circulation speed. Complex structure and the lack of suitable materials underpin that 

the concept is very far from realization, despite promising features such as a doubling time of 13 years. 
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Figure 10 DFR Concept [70] 

3.3 Molten Salts  

Molten salts are attractive coolants due to their special properties. Molten salts have high melting 

points and very low vapor pressure, so they can operate close to atmospheric pressure. They are 

thermodynamically stable at high temperatures and have practical densities. The salts are rather 

affordable by price and resources are vast. Table 4 below presents several coolant salts and compares 

them to other coolant possibilities. Certain salts are inefficient moderators unlike water and are also 

suitable for fast spectrum reactors. Capture cross sections vary and some salts require isotope 

enrichment, but neutronically suitable options exist. Typical enrichment minimum lies at 99.99% 7Li 

or 37Cl if the salt contains lithium or chlorine. 

 

Table 4 Coolant Properties [71] 

Carrier Salt* 
Melting 

Point [°C] 
Boiling 

Point [°C] 
Density (900K) 

[g/cm3] 
Specific Heat 

[kJ/kg°C] 

Li2BeF4 * 459 1430 1.94 2.42 

NaF-ZrF4 (59.5-40.5) ** 500 1290 3.14 1.17 

LiF-NaF-KF (46.5-11.5-42) 454 1610 2.02 1.89 

KCl-MgCl2 (61-39) 426 1418 1.92 1.15 

NaCl 801 1465 1.56*** 0.86 

Water (7.5 MPa) 0 290 0.73 5.5 

Helium (7.5 MPa) gaseous - 3.8 5.2 

Sodium 97.8 883 0.82 1.27 

Lead 328 1750 10.54 0.16 
 
* “Reference” salt today, known as FLiBe 

** Known as FLiNaK 

*** At melting temperature 800°C 



38 
 

Molten salts withstand strong irradiation, i.e. are resistant to radiolysis and have effective heat 

transfer characteristics. Actinides form cations in the salts with varying oxidation states, most typical 

oxidation states for uranium in the molten salts are +III and +IV (e.g. UCl3, UCl4). Thorium, instead, 

occurs almost entirely in +IV state (e.g. ThF4). Fission products are accumulated in the salt during 

operation, which remarkably complicates the chemistry. Pure molten salts are optically transparent 

or semi-transparent, unlike lead or sodium of liquid metal fast reactors. This simplifies the inspection 

and repair of the core structures or instrumentation. However, fission products in salts decrease 

transparency and may turn mixtures opaque, especially if the salt processing rate is very low. 

Salts composed of oxygen or carbon compounds have typically too high melting temperatures and are 

not under active studies. Oxygen has even smaller capture cross section than fluorine, but its oxides 

are very reactive with water or air, and are problematic in case of any leakage. Nitrates are widely 

used in solar thermal applications thanks to their great thermal properties. Current state-of-the-art 

concentrated solar power (CSP) systems use nitrate salts in temperatures of 565°C [72]. Nitrates 

become chemically unstable in temperatures above 600°C and may decompose if heated further, 

hence other salts are preferred in the MSR applications.  

Carbonate salts have been proposed for a CSP as an alternative for nitrates to withstand higher 

temperatures. It was found out that the corrosion increases significantly from 700°C to 800°C and 

protective coatings were suggested for future studies [73]. It must be emphasized that extensive 

studies under irradiation and accommodation of fission products should be performed if carbonates 

are considered further, so they are also excluded from this work. All halides can form salts with 

actinides, but bromine and iodine are not considered further due to the lack of reliable data. 

Moreover, they are far less abundant elements compared to fluorine or chlorine, their capture cross 

sections are larger and they are present in fission products. 

Only fluoride and chloride salts are studied actively today. Choosing the optimal salt mixture is 

complicated task and some compromises must be done, since none of the salt mixtures has all the 

desired features. Some properties of the ideal salt mixture are listed below, of which suitable melting 

point and applicability with the structural materials are the most important properties: 

Chemically stable   Stable under irradiation 

High boiling temperature  Melting temperature not too high 

High heat capacity   High thermal conductivity 

High density (at low pressures)  High solubility of fissile and fertile elements 

Small capture cross sections  Low viscosity 

Low radio-isotopes production  Manageable reprocessing 

 

Studies have been mainly focused on fluorides, which were selected initially for the MSRE program. 

They are standard salts for thermal spectrum reactors and also applicable for fast spectrum reactors. 

However, chloride salts have gained attention in recent years, considering their applicability to fast 

spectrum reactors. Chlorine atomic mass is higher compared to fluorine and thus it provides very hard 

spectrum, since neutron moderation is much smaller. Based on previous studies at the PSI, they seem 

promising salt option for the fast spectrum reactor applications [38]. 

Fluorides and chlorides are halides, sharing many chemical properties. They have some of the highest 

electronegativities and form salts readily with the vast majority of metal cations. Fluoride and chloride 
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salts have rather high melting temperatures and eutectic salt mixtures are typically required. Neither 

fluorine nor chlorine isotopes exist in fission products, so their amount changes only by transmutation 

reactions or by the salt exchange. Capture cross sections for both elements are depicted in figure 11 

below. Fluorides have significantly smaller capture at thermal energy range, but at fast energy range 

capture cross sections are much lower and the small energy loss of a neutron per collision becomes 

more important. This effect is strengthened as the fission products accumulate, since they similarly 

tend to have significantly larger absorption cross sections at lower energies. In addition, the neutron 

reproduction factor increases at higher energies especially for 239Pu, as explained in the section 1.3.2., 

advocating use of chlorides. 

 

Figure 11 Fluoride and Chloride Capture Cross Sections (from ENDF/B-VII.1 neutron data) 

Both chlorides and fluorides have satisfactory viscosity, about double that of water but dozens of 

times lower compared to oils. They are nearly isochoric, so thermal expansion is not too large, but 

positive enough for providing negative reactivity coefficients due to thermal expansion. Heat transfer 

coefficients are sufficient for efficient heat transfer also by conduction. Volumetric heat capacities are 

comparable to water with most of mixtures and thermal conductivity being at least double. This 

enables smaller piping and pumping equipment compared to current LWRs. Typically, as the molten 

salt temperature increases, density decreases linearly and the viscosity decreases exponentially. 

Solubility of fuel salts into carrier salts increases together with the temperature, but unfortunately the 

same applies with many fission products such as lanthanides. 

Solubility of fission products varies greatly and must be addressed. High solubility of actinides is 

required to avoid their precipitation into the bottom of the core and possibly forming localized high 

flux areas. Rather low solubility of plutonium into the fluoride salts is considered problematic. Natural 

chlorine consists of two isotopes: 24% of 37Cl and 76% of 35Cl, the latter being a significant neutron 
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absorber and transmutes readily to long-lived beta emitter 36Cl. Therefore, isotope enrichment of 

chlorine is needed to limit parasitic capture, particularly in the breeder designs. It is probably the 

largest disadvantage of chlorine compared to fluorine. 

Noble metals tend to precipitate onto cooler heat exchanger surfaces, impeding heat transfer. The 

three most hazardous fission product of LWR’s (131I, 137Cs and 90Sr) can be released in accidental 

situations by gases. Fortunately, they are bounded to salts in MSRs and not as readily released to the 

environment. 

3.3.1 Carrier Salts 

In practice, actinide salts must be dissolved into a carrier salt to lower the melting temperature of the 

mixture. Pure uranium fluorides have melting points beyond 1000°C and thorium chlorides also close 

to 800°C, which are beyond material limits. Another adverse effect of high melting point is increased 

solidification risk of the fuel, particularly in the heat exchangers. On the other hand, high temperatures 

maximize the plant’s thermal efficiency and are of great potential regarding process heat applications. 

A carrier salt also softens the spectrum and decreases the neutron flux density, thus reducing 

irradiation damage and extending lifetime of the structural materials and instrumentation within the 

core. Eutectic salt mixtures are generally applied to restrict the melting point below 500°C. Table 4 

above listed some studied carrier salts, in which actinide salts can be dissolved. 

 

Lithium has a very small absorption cross section and it lowers melting point of many salt mixtures. 

Unfortunately, tritium formation is problematic with lithium bearing salts. It is able to diffuse through 

metallic heat exchangers and escape the reactor system, posing significant radiation risks. Hence, 

isotope enrichment is needed to reduce tritium formation as well as to improve breeding. Tritium 

removal can be done either by absorption to porous carbon surfaces or by gas sparkling, which would 

be used in molten salt reactors anyway for noble gas removal. However, experimental studies of 

lithium absorption to carbon surfaces are limited and a gas sparkling technologies are also under 

development [74]. Natural lithium consists of two isotopes 6Li and 7Li with abundancies 5% and 95%, 

respectively. Lighter isotope is a strong neutron absorber and produces tritium with following 

reaction: 

𝐿𝑖6 + 𝑛 →  𝐻𝑒4 + 𝐻3  

6Li can be used in a thermonuclear weapon, but also in the fusion reactor blankets. Lithium isotope 

separation was done in large scale with an environmentally hazardous COLumn EXtraction (COLEX) 

process, invented by the ORNL in the 1950s. Isotopes were separated between counter-current flow 

of aqueous solution of lithium hydroxide and lithium-mercury amalgam. 6Li has slightly greater affinity 

for mercury and concentrates into amalgam, as 7Li migrates to hydroxide solution. With multi-staged 

cascade system, isotopes were effectively separated (>99.995% 7Li) [75]. US reported to have stopped 

stockpiling of the separated 6Li already in 1963 and only six countries have had the enrichment 

facilities [76]. Today small amounts of 7Li enriched lithium hydroxide is used in PWRs for pH 

stabilization and corrosion reduction (approx. 2.2 ppm sufficient). Alternative separation methods are 

studied today, for example laser isotope, ion exchange and electrochemical separation [77].  
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3.3.2 Start-Up Salts 

A reactor must contain enough fissile material to maintain criticality before sufficient amount of fertile 

isotopes are converted into their fissile counterparts. Therefore, startup fuel with a reasonable fissile 

material content is necessary. The most common options are depicted in table 5 below. Beside 

breeder reactor’s main fissile isotopes 239Pu or 233U, also 235U may be used as a starting fuel. 235U would 

be reliable option, but enrichment process lowers its sustainability.  

If thorium fuel cycle is commercialized, 233U could be extracted from the operating reactors and its 

usage as a starting fuel would become more feasible. This would require actinide separation from one 

another, which poses evident proliferation risks. Moreover, separation coefficients between trans-

uranics and lanthanides are high, but within actinides rather low. More sustainable option would be 

the use of transuranic elements from current LWRs. They are found suitable for starting a fast 

spectrum reactor and fuel enrichment process could be avoided [38]. Mixed actinides are not weapon 

usable material and would be the most accessible starting fuel due to large stockpiles of spent LWR 

fuel. Drawback is that they are not as efficient as highly enriched materials, so larger initial loads are 

required. Nevertheless, if the purpose is to reduce amount of transuranics, it is only beneficial. 

Table 5 Start-Up Fuels for the MSR 

Start-Up Fuel Composition 

LEU 235U content < 20% 
HEU 235U content > 20% 
233U Variable content of 233U 

RGPu (LWRPu) 240Pu content > 7% (typically over 20 in LWRPu) 
WGPu 239Pu content > 93% (240Pu < 7%) 
TRU Np, Pu, Am, Cm* 

* Isotope mixtures vary depending of the spent fuel burnup, generally Pu isotopes > 75%  

Starting fuel must be accessible but distribution of materials with the fissile content over 20% is 

restricted and controlled strictly. Global market for highly enriched uranium or weapons-grade 

plutonium (WGPu) doesn’t exist and their production in the future is uncertain. They both could 

perform well as a starting fuel, but are not very accessible. Moreover, if governments want to reduce 

their stockpiles, highly enriched materials can be diluted and consumed in the current LWRs as well. 

In the thorium fuel cycle, production of the 232U by various combinations of (n,2n) and (n,y) reactions 

is considered a proliferation obstacle. Decay chain of 232U includes particularly strong gamma emitters 

such as bismuth-212 (y=0.78 MeV) and thallium-208 (y=2.6 MeV), which would ionize critical 

electronics or explosives and harm technicians in any arming effort. More importantly, strong gamma 

radiation is readily detectable by regulators and safety authorities. In addition, isotopic separation of 

the 232U would be extremely difficult due to its negligible mass difference compared to 233U. Although 

with high burnup fuels, non-fissile 240Pu content is well above 20% of total Pu, which similarly impedes 

weaponization. 

3.3.3 Secondary Salts 

Main functions of the secondary salt is to provide efficient heat transfer and to decrease radioactivity 

of the turbine section. Small neutron capture cross sections, accommodation of actinides or stability 

under irradiation are not under importance. Low viscosity, high heat capacity and low to moderate 
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costs are instead desired features. Secondary circuit separates and protects the power conversion 

systems of highly radioactive primary circuit, and leakages into circuit can be detected easily. 

Secondary circuit is virtually absent of fission and transmutation products, which alleviates corrosion 

problems and the environment is quite similar as in the thermal storage or solar thermal applications. 

Secondary circuit may contain gases or even metals instead of salts, for example helium or liquid lead. 

Primary and secondary coolants should be chemically similar (or another inert) to maintain 

applicability of separating materials such as heat exchangers. For reactors using chloride fuel salts, 

chloride secondary salts are also preferred. Table 6 below lists some salt mixture options: 

Table 6 Heat Transfer Salts for the Secondary Circuit [78] 

Salt 
Molar Fraction 

(%) 
Stability limit (°C) Viscosity [kg/ms] 

Heat capacity 

[kJ/kg°C] 

MgCl2-NaCl-KCl* 68.2-14.0-17.8 > 800 ~ 2 0.81 (300-600°C) 

ZnCl2-NaCl-KCl* 68.6-7.5-23.9 850 ~ 2 ~ 1.0 (500-800°C) 

NaBF4-NaF 
(SAMOFAR) 

92-8 
> 700 (384°C 

melting point) 
2.3-1.4 ~ 1.1 

* Costs around 0.6-1.0 $/kg 

 

FLiNaK salt mixture was preferred in MSRE program for the secondary circuit, having great heat-

transfer properties. On the contrary, rather large cross section of potassium impeded its applicability 

as a carrier salt in the primary loop. The advantage of potassium is that in case of any leakages from 

secondary to primary loop, large negative reactivity insertions could be provided. Handling of cryolite 

(NaAlF) is common in the aluminium smelting industry, but currently it is not the main option for MSR 

applications. The MSBR concept proposed fluoride/sodium fluoroborate (NaF-NaBF4) mixture, which 

was adapted to the SAMOFAR project as well. 

3.4 Fuel Reprocessing 

Molten salt reactors are extremely flexible for different fuel cycle strategies, in which fuel reprocessing 

has a fundamental role. Many studies are concentrated on the closed cycle strategies, in which 

uranium and plutonium, plus possibly minor actinides, are recycled. Reprocessing of highly radioactive 

salts requires special facilities and a new regulatory framework. Hence, minimal reprocessing such as 

only insoluble and gaseous fission product removal, would be beneficial as actinide separation can be 

omitted. Fission product removal is an essential procedure to maintain criticality and largely by 

different reprocessing strategies, reactors from burners to breeders are possible. 

Reprocessing can be held continuously or in a batch-wise manner. The former is convenient for 

insoluble, volatile and gaseous fission products, such as noble metals or gaseous substance removal. 

In batch-wise reprocessing, part of the fuel salt is discharged and processed outside the core. 

Reprocessing frequency depends on batch reprocessing capacity, products to be processed and the 

separation efficiencies. Several separation technologies for the molten salt purification exist: 

Gas Extraction 

Fluoride/Chloride Volatilization 

Distillation 

Reductive Extraction 

Precipitation 
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Helium bubbling is the most studied gas extraction technique and has been applied for continuous 

removal of gaseous fission products. By injecting helium gas from the bottom of the core, gaseous 

substances are carried away. Even though majority of the fission products are non-gaseous, majority 

of the decay chains include gaseous substances, which can be effectively removed by continuous 

bubbling. Insoluble fission products can be removed by screening or filtering the salt. Combined with 

helium bubbling, about 50 % of the fission products can be extracted. These are considered modified 

open cycle techniques as fuel salt processing is not required. Figure 12 below presents the removable 

elements from fluoride salt, and is mostly valid for chloride salts as well. Elements colored in grey 

require fuel salt processing, i.e. actinide separation and closed cycle techniques. 

 

Figure 12 Reprocessing of the Elements [79]. 

The removal of soluble fission products, such as lanthanides, requires fuel salt processing, and thus it 

is only possible with closed cycle techniques. Fluorination exploits tendency of many actinides to form 

volatile fluorides. When fluorine gas is injected into the salt, it oxidizes normally occurring uranium 

fluorides (UF3 and UF4) to a volatile uranium hexafluoride (UF6). Also neptunium forms gaseous 

substances, but regrettably volatile plutonium fluorides are thermodynamically unstable and more 

difficult to remove by fluorination. They can be removed partly by over pressure fluorine gas injection. 

Collected uranium (and neptunium+plutonium) hexafluorides can be reduced back to liquid form with 

hydrogen gas: 

𝑈𝐹6(𝑔) + 𝐻2(𝑔)
       
→ 𝑈𝐹4(𝑠) + 𝐻𝐹(𝑔) 

Corrosiveness of fluorine gas is a major challenge. In the frozen wall technology, part of the salt is 

allowed to freeze on the purification container walls, protecting the container from corrosion. In 

addition, fluorination is very hard to demonstrate with salts without internal heat production from 

the fission products. Fluorination agents other than aggressive fluorine gas (F2), for example NF3 or 

BrF5, has been considered but not yet fully validated. Chlorination follows the same principle, although 

chlorides are more stable to reduction, which may complicate fuel reconstitution. 
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Salt distillation could be used to purify the carrier salt itself. Drawback is that a large amount of salt 

must be boiled away in order to remove small amount of fission products and other impurities. 

Vacuum distillation was neglected for the same reason in the MSRE and may be economical only with 

isotope enriched salts. Nonetheless, more effective methods exist. 

Reductive extraction technologies are based on a nature that the noblest constituents of the salt can 

be reduced before others and thus precipitate out of the mixture. Actinides tend to reduce 

substantially easier compared to lanthanides and can be partitioned first. Thorium is exception of 

actinides due to its significantly smaller reduction potential. Reduction tendencies vary slightly 

between the accommodating solutions, but within chlorides and fluorides these differences are 

presumably rather small. 

Reduction can be done chemically or electrochemically. Reprocessing technologies at high 

temperatures are generally classified as pyroprocessing techniques. They are convenient alternatives 

to traditional hydrometallurgical processes and suitable for a wide variety of solid and liquid fuels. 

Promising characteristics are high stability and inherent safety, since a chance of criticality is negligible 

during reprocessing [80]. Pyroprocessing technologies deploy molten salts (LiCl-KCl) or metals 

(cadmium, bismuth) as solvents. Chemical processing introduces a reducing agent such as metallic 

bismuth in order to reduce salt constituents. Uranium transfers readily into the liquid bismuth 

solution, whereas fission products remain in the salt. Separation is efficient, but apparent drawback 

is necessary for large quantities of rare bismuth metal. 

In electrochemical reduction, electric voltage is applied in order to selectively reduce the noblest salt 

constituents. Also known as electrorefining, it is well suitable for hot molten salts. Actinides can be 

plated selectively to the cathode as metallic form, in the order of decreasing reduction potentials. 

Electrochemical reduction of U3+ from the molten LiCl-KCl eutectic salt has been demonstrated 

successfully [81]. However, the process requires optimization and experimental studies of the 

reprocessing of hot chloride salts have not been published. 

Figure 13 below presents closed cycle processing of the fluoride fuel. The yellow block at the top left 

corner doesn’t include actinide separation and is considered as a part of a modified open cycle besides 

insoluble fission product screening. As the figure shows, fluorination would remove uranium, 

neptunium and plutonium with high efficiencies. Subsequently, the first reductive extraction loop 

would remove remaining actinides and the second loop would remove all elements except the carrier 

salt itself, lanthanides being transferred to chloride salt before their precipitation as oxides (orange 

colored loop on the right). 
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Figure 13 Salt Reprocessing of SAMOFAR [55] 

Protactinium production is problematic in the thorium fuel cycle, because its main isotope 233Pa has a 

large neutron capture cross section and rather long half-life of 27 days. In addition, small amounts of 
233Pa are transmuted to 232Pa, which decay products require additional shielding or remote control of 

reprocessing systems. Protactinium removal is required to keep the conversion ratio high, particularly 

in moderated or in high power density reactors. One advantage of a large blanket is that the flux 

densities are way smaller and that the protactinium more probably decay to 233U. Protactinium can 

also be extracted outside the core for decaying, but its separation technology is not demonstrated at 

a large scale. 

There are two alternatives to extract protactinium: very pure 233Pa (>99%) can be obtained by 

dissolving thorium containing materials into nitric acid and separating protactinium as oxides [82]. 

More suitable option considering MSRs is to fluorinate protactinium from the second bismuth pool. 

However, protactinium separation is a serious concern for proliferation. It decays to 233U, which is 

weapon-usable material. Table 7 below summarizes removal strategies of the different fission and 

transmuted products from the salt: 
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Table 7 Fission Product Removal 

Component Removal technology Removal time 

Kr, Xe Helium sparkling 30-50 sec 

Zn, Ga, Ge, As, Se, Nb, Mo, Ru, 
Rh, Pd, Ag, Tc, Cd, In, Sn, Sb, Te 

Plating out on surfaces, 
Filtering, partially to Off-gas 

system 
2-3 hours 

Zr 

Reductive extraction, 
Distillation,     

Electrodeposition 

1-3 years 
Ni, Fe, Cr 

Np, Pu, Am, Cm 

Y, La, Ce, Pr, Nd, Pm, Gd, Tb, 
Dy, Ho, Er, Sm, Eu 

Sr, Ba, Rb, Cs 
> 30 years 

Na, Cl (or another carrier salt) Salt discard 

 

3.5 Materials 

Materials used in the molten salt reactors must be designed and manufactured specifically to 

withstand largely different operation conditions compared to current light water reactors. Knowledge 

of degradation mechanisms of the materials in radioactive molten salt environments are still limited 

and more data is needed for material standardization. Mechanical durability is not under high 

importance, since the MSRs operate close to atmospheric pressures. However, components must be 

designed meticulously to maintain integrity of a highly radioactive primary loop under all 

circumstances. Some requirements for structural materials are listed below: 

High melting temperatures  Sufficient strength 

Corrosion resistance   Acceptable price 

Creep resistance    High ductility after irradiation   

Low activation (small capture)  Weldability and easiness to manufacture 

Minimal tritium retention  Tested and validated 

 

Material properties under high operation temperatures possibly up to 900°C must be considered. 

Thermal expansion and thermal gradients are rather large, restricting material lifetimes. Commercial 

steel alloys are susceptible to corrosion in molten fluorides and are not typically suitable for the MSR 

applications. Noble metals are chemically the most passive elements and would sustain highly 

corrosive salts. However, they are very expensive and resources are too scarce for building large 

structural materials from them. On the other hand, noble metal plating would provide inert layer to 

protect less noble structural material body.  

Nickel-molybdenum-chromium based alloys with low chromium concentration were developed 

specifically for the molten fluoride salts at ORNL in the 1960s as a part of the MSRE program. 

Commercially known as a Hastelloy N alloys, today they are considered a reference vessel material, in 

which novel materials are compared. Table 8 below lists some of these nickel-based alloys. Drawback 

of Ni-Mo-Cr alloys is that nickel has relatively large thermal absorption cross section (4.6 barns). 

Particularly, if the alloys are used in thermal spectrum reactors or as partition material of salts in the 

two-fluid systems, nickel deteriorates neutron economy. Although the compositions seem almost 
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identical between the alloys, minor changes may have significant impact and “optimal” mixing ratios 

are often trade-off between properties emphasized above. 

Table 8 Nickel-Based Alloys (wt-%) 

Element 
Hastelloy N 

(US) 
GH 3535*      

(China) 
MONICR      
(Czech) 

HN80MTY**   
(Russia) 

EM-721       
(France) 

Ni Base Base Base Base Base 

Mo 15.9 16.72  13.2  

Cr 7.1 6.8  6.81  

Fe 3.1 4.04  0.15  

Al 0.23 
Al+Ti 0.22 

 1.12  

Ti <0.005  0.93  

Mn 0.5 0.57  0.013  

Nb 0.05 -  0.01  

Si 0.3 0.31  0.04  

W 0.014 -  0.072  

Cu 0.0333 0.033  0.02  

Co 0.1 0.1  0.003  

V <0.03 <0.03  0.003  

C - 0.57  0.025  

* In addition contains B, S, P elements 0.001, 0.001 and 0.002%, respectively 

** In addition contains B, S, P, C elements 0.003, 0.001 and 0.002%, respectively 

Studies about material suitability to accommodate chloride salts under strong irradiation are still 

scarce. Several nickel-based alloys engineered specifically for chloride salts have been tested in recent 

years for solar thermal applications. Stainless steel alloys are usually too susceptible to corrosion also 

with chlorides, but with precise redox (reduction-oxidation) potential control they might be adaptable. 

316 Stainless steel is widely used in high temperature applications and is considered wall material for 

experimental fusion reactors. Advantages are existing certifications for high temperatures and well 

known properties. Corrosion rate of 316SS is observed to be higher in graphite capsules, which may 

make it avoidable in moderated reactors [83]. 

Also non-metal materials have been researched. Composites or ceramics would provide novel solution 

for the material problems, as they have evolved significantly over the past decades and are typically 

corrosion-resistant. They have high melting points, typically over 1500°C and are durable. Silicon 

carbine (SiC) is one of the most studied ceramic and a potential structural material. In pure form SiC 

suffers from the temperature gradient driven brittleness - as well as ceramics in general - and 

manufacturing is challenging due to its hardness. 

Embrittlement problems are caused also by hydrogen and helium, which both can penetrate into the 

porous structural materials. Helium production is largest in fuel salts containing boron by 10B(n,α)7Li 

reaction, and in nickel containing alloys by 59Ni(n,α)56Fe reaction. Helium or hydrogen production in 

fuel salts is not that adverse, because they mainly escape reactor core with other gases. Instead, their 

production in structural alloy must be minimized. 

Irradiation damage plays an important role especially in fast spectrum systems, where neutrons have 

higher energies and are able to penetrate deeper into the material. Damage may occur by two ways, 

either by direct displacements of atoms in the lattice or by neutron capture and transmutation. 
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Macroscopically both mechanisms lead to embrittlement of structural materials. Only neutrons above 

certain energy can cause direct displacements of atoms. Collision with high energy neutron leads to a 

cascade of displacements, which typically generates several dozens of vacancies and interstitials into 

the material [84]. Probability for neutron absorption is far higher at lower energies and impurity atoms 

are generated by transmutation of the target nuclei. Neutron reactions such as (n, α) and (n,p) cause 

damage by recoil of the collided nucleus and to lesser extent by emitted light particles. Irradiation-

assisted stress corrosion cracking (IASCC) is a serious concern in the LWRs, but unlikely in MSRs due 

to low operation pressures and mechanical stresses. 

Radiation shielding is needed to protect sensitive equipment and instrumentation within the core and 

high flux areas. Boron carbide (B4C) is widely used for shielding because of its high absorption cross 

section of 10B. This protection is mostly similar to that of current reactors today and shouldn’t cause 

material or technological issues. 

Comprehensive studies of different material and degradation mechanisms in molten salt reactors are 

still missing. Even with the most studied fluoride salts, component level corrosion studies are limited. 

Critical components such as the vessel, primary and secondary loop piping, heat exchangers, steam 

generation system, valves and pumps all have gaps in knowledge and require further evaluation [85]. 

3.5.1 Moderators 

Practically all of the current nuclear reactors work on the thermal neutron spectrum, requiring 

efficient moderation to slow down the neutrons to one millionth of energies, in which they are born 

in fission. Essential properties for a moderator are small capture and large scattering cross section, or 

a high atom density. Material must slow down neutrons effectively with each collision, and elements 

with a low mass number slow down neutrons per collision efficiently. Bare hydrogen atom is ideally 

able to stop a colliding neutron completely and independently of neutron’s initial energy. Chlorine 

weights almost double compared to fluorine, which explains its much lower moderation and thus 

suitability for fast spectrum systems. Slowing down properties of different elements can be compared 

by logarithmic energy decrement per collision (ξ):  

𝜉 = 1 +
(𝐴 − 1)2

2𝐴
ln (
𝐴 − 1

𝐴 + 1
)   

When 𝜉 is multiplied with macroscopic scattering cross section of corresponding moderating material, 

another important parameter called as macroscopic slowing down power (MSDP) can be obtained: 

𝑀𝑆𝐷𝑃 =  𝜉 ∗ 𝛴𝑠 

The MSDP describes ability of a material to slow down neutrons. It takes into account that the 

probability of collision with neutrons must be high enough for the material to be a practical 

moderator. However, if capture cross section is also high, neutrons are more likely absorbed into the 

moderator before slowing down to thermal energies. The total effectiveness of a moderator is hence 

measured by the moderating ratio (MR): 

𝑀𝑅 =  𝑀𝑆𝐷𝑃/𝛴𝑎 = 𝜉 ∗ 𝛴𝑠/𝛴𝑎 
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By neutronics perspective, moderation ratio describes most comprehensively the suitability of a 

material for moderation. Compatibility with the core materials is crucial aspect as well, particularly in 

molten salts. Table 9 below shows the main properties of the possible moderator materials: 

Table 9 Moderation Material Properties (at 20°C) [86] 

Nuclide 
Average 

logarithmic 
energy loss 𝝃 

Moderating Ratio 
MR 

Applicability with 
molten salts 

Neutron Age 
[cm2] ( 0.1 MeV 
→ 0.5 eV) 

H20 0.95 70 Cladding required 1.35 

D20 0.57 4590 Cladding required 58 

BeO 0.17 247 Cladding required 66 
12C 0.16 242 Compatible 160 

208Pb 0.00958 477 Low melting point 2979 

ZrH2 0.9 55 Cladding required <10 

Currently, only BeO and graphite have been applied as a moderator material in molten salts. Graphite 

was chosen as moderation material for the MSRE program, since it is compatible with the salts and 

has well known physical properties. Graphite has comparably small neutron capture cross section, but 

it is heavier than hydrogen atoms and more collisions from neutrons to slow down to thermal energies 

is required. 

Main drawback of graphite is that under irradiation it tends to shrink first, and later swell before 

degradation. This leads to cracking, which is not problematic only with molten salts, but generally in 

reactors with high power densities. A high flux and thus high neutron fluence reduces lifetime of the 

graphite, but other factors such as possible core zoning also has impact on its lifetime. Neutrons with 

high energies (>50 keV) are particularly deleterious and limit graphite lifetime significantly by direct 

displacements of atoms. 

Shrinking graphite pore size could alleviate durability issues. Requirement is that the pores are smaller 

than the surface tension of the coolant, which is for molten salts typically less than 0.001 mm. This 

would dramatically decrease coolant infiltration into graphite (wetting), but regrettably high quality 

and density graphite is difficult to manufacture. One option is to plate the graphite surface for example 

by pyro-carbon or metal carbons such as TiC and SiC [87]. Fine-grained isotropic graphite can be 

obtained from mixed fillers (natural graphite flake and calcined coke) by isostatic pressing method. It 

is believed that it would satisfy performance requirements of the MSBR [88]. Since lifetime of graphite 

under strong irradiation and a hard spectrum is limited, it is advisable to look for alternatives. 

Unfortunately, other moderator options have their own drawbacks.  

Beryllium or its oxides have small capture cross sections and are light, having a high MSDP. Stable 9Be 

acts as a neutron multiplier through large (n,2n) reaction cross section for incident fast neutrons. 

Major drawback is the chemical toxicity of beryllium. Moreover, helium production through (n,α)-

reactions and incompatibility with molten salts impair its practicality. Beryllium has a low redox 

potential and slowly oxidizes without cladding, dissolving into the molten salt. Zirconium hydrides 

have good moderation properties as well, but notable disadvantages. At room temperatures thin 

oxidation layer is formed around zirconium hydrides, which passivate the material surface. In higher 

temperatures oxidation layer proceeds deeper and formation of explosive hydrogen gas becomes a 

serious threat. 
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Water and heavy water are immiscible with molten salts and cladding material is required to separate 

them. Cladding is vulnerable to corrosion and neutron economy is decreased by its parasitic capture, 

especially in nickel containing alloys. Lithium salts are rather good moderators, but would need 

enrichment to reduce tritium and helium production. Lithium fluorides have been traditionally used 

in thermal molten salt reactors because of a very small capture cross section of 7Li. Lithium salts are 

unfavorable for fast spectrum reactors due to their moderation characteristics. 

A moderation of the core has significant effect to the kinetic behavior of the system. If a moderator is 

used, its density and thermal coefficients must have a net negative effect. In addition, it takes time to 

slow neutrons down to thermal energies and if reactivity changes suddenly, neutrons with longer 

lifetime before absorption may reduce flux and power transients. However, strong inherent negative 

thermal and void reactivity feedbacks and delayed neutrons are the main factors affecting the 

controllability of the MSRs.  

3.5.2 Reflectors 

Neutron reflectors are used to improve the neutron economy, virtually in all power reactors today. 

They have clear advantages: critical core size, leakage and neutron fluence to structural materials can 

all be reduced. Flux and therefore power can be flattened, leading to a better fuel utilization in outer 

core regions and improved thermal shielding. This is far more important in solid fueled reactors, in 

which heterogeneous structure leads to uneven flux distribution, and thus different burnups within 

the core. The problem of various burnups is not present with continuously flowing molten salts. 

In thermal systems, efficient neutron moderation is desired and a good moderator is generally a good 

reflector. On the contrary, in fast spectrum reactors materials with a high mass number are preferred 

to reflect and retain neutrons at higher energies. Circulating water coolant acts as a reflector material 

in LWRs, in both axial and radial direction. In addition, steel alloys are used as radial reflectors at the 

outer parts of the core, mainly to reduce neutron fluence of the pressure vessel. Natural uranium or 

thorium blankets can also be used around the core to reflect neutrons. As their main function is to 

convert new fissile material, high absorption is only favorable. 

A reflector may be integral part of the structural material in case of metallic reflectors, in which inner 

wall of the vessel acts as a reflector. Similarly to moderator, low absorption and high scattering cross 

section are desired. The key property of the reflector is high reflectivity, which varies slightly within 

the materials. Albedo, or the reflector coefficient, describes an ability of a material to reflect neutrons 

and is defined as a ratio of outward and inward currents over the surface: 

𝛼 = 𝐽𝑜𝑢𝑡/𝐽𝑖𝑛 = 𝐽𝑛
−/𝐽𝑛

+ 

, where n denotes current over general surface, typically inner surface of the reflector. In addition to 

the material itself, thickness has significant impact of reflector performance as can be seen from the 

illustrative figure 14 below:  
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Figure 14 Albedo of Different Reflector Materials [89] 

We can see that heavy water, lead and carbon require a rather wide reflector before the albedo 

reaches its maximum value, but then they become very effective. Advantages of conventional steel 

reflectors such as HT-9 is that they are not as sensitive to thickness as lead oxides or carbon. However, 

studies suggest that PbO or lead-magnesium eutectic reflectors would improve neutron economy of 

the sodium-cooled fast reactor [90]. Eutectic mixtures of lead melt at impractical temperatures around 

250°C, requiring cladding to separate them from the fuel salt. Neutron spectrum would be softened 

with oxide materials, but their compatibility with molten salts is questionable. 

Oxygen and carbon both have very small absorption cross section, and in form of oxides or carbides, 

they are suitable reflector materials. Reference reflector choice for fast spectrum sodium cooled 

reactor (ASTRID) is MgO, which has already some experimental feedback from the studies of the 

French Phénix SFR. MgO improved albedo and provided higher reactivity weight compared to the 

metal alloys in the ASTRID studies [91]. Albedo values are below carbon or enriched lead, but still 

satisfactory. 

Natural lead has four isotopes, from which the most abundant 208Pb has very small cross-sections for 

inelastic scattering and absorption. Low melting temperature of pure lead requires use of lead oxides 

or cladding. Additional safety feature with mono-isotopic 208Pb is that it substantially extends mean 

lifetime of prompt neutrons compared to hydrogen bearing materials, because of very low MSDP [89]. 
208Pb enriched lead can be obtained by standard centrifuging process or from radiological lead 

deposits as a product of thorium or uranium decay series. 

Zirconium silicide (Zr3Si2) tolerates high operation temperatures (phase-stable up to 1800°C) and high 

neutron fluences. It has been suggested to resolve some power peaking issues of the fast reactors, 

with improved performance compared to Be2C reflector [92]. Zirconium silicides form passivating 

oxide layer in air at high temperatures, which stays stable in the molten metals or water. 

Unfortunately, stable layer is thermodynamically unlikely with molten salts. In summary, separate 

reflector material around molten salts is rather unlikely and the vessel itself should provide sufficient 

reflectivity. We’ll study the option to reflect, but mainly to capture the neutrons, by the blanket salt. 
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3.6 Corrosion 

Free chlorine gas and free fluorine gas are both very corrosive. Instead, their pure salts are not 

considered excessively corrosive, unless contacted with water or air, when high reactivity of oxygen 

may cause problems. In addition, impurities and thermal gradients cause problems. Studies on the 

corrosion of molten salts published during the past 50 years highlighted salt purity as the most 

important factor of corrosion [93]. In practice, specific alloys and corrosion control strategies are 

needed to obtain sufficiently low corrosion rates. In water cooled reactors, passivating and alloys 

protective oxide layer is formed on material surfaces. Unfortunately, the formation of the oxide layer 

is thermodynamically unfavorable with molten fluoride or chloride salts. This has a major impact on 

material selection. Several mechanisms that cause or exacerbate corrosion are listed below: 

Tellurium induced intergranular cracking (IGC) High temperature gradient 

Oxidants in the fuel salt   Strong Radiation 

Large grain size of material   Interaction with dissimilar materials 

Understanding basic principles of corrosion is necessary for everyone working with the MSRs. 

Reactions are determined by constituents of the salt and thermodynamic state of the system. 

Chemical species have different reduction (redox) potentials, which describe tendencies to acquire 

electrons and thereby reduce. The electric potential varies with the temperature, pressure and 

concentration of the species, which makes prediction of the reactions very challenging. Experimental 

studies are required to assure corrosion rates and chemical behavior of the materials under harsh 

conditions. Studies are mainly focused on fluoride salts, so we review them to understand basic 

corrosion mechanisms. 

Elements can be ordered into a series of decreasing formation energies. Bulk solution -here the carrier 

salt- affects the redox potentials of its species, for example in chlorides and fluorides formation 

energies of dissolved substances are different. However, they follow similar pattern as can be seen 

from the figure 15 below. We can see that the metallic lithium form fluorides most readily in fluoride 

salts, but potassium most readily in chloride salts. If they occur as an atomic substances with +0 

oxidation state, they would give away their electrons and reduce any other metal cation from the 

solution into metallic form. In the other words, their reduction potential is the smallest. If species 

concentration is large, thermodynamic activity (“effective concentration”) in the alloy may be lower, 

and reactions hardly occur despite high fluoride affinity. Same applies if solubility of element into the 

salt is very low. 
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Once the passivating film is not formed by fluorides, they are able to attack into the least noble metal 

constituent of the structural alloy and oxidize it. Chromium and iron have the lowest redox potentials 

of the elements present in the common structural alloys and are thus most vulnerable to corrosion. 

Therefore, corrosion rate of chromium-containing nickel alloy is largely proportional to its chromium 

concentration. Because iron is also susceptible to oxidation, high iron content stainless steels are not 

typically applicable. Reactive hydrogen fluorides are produced by water impurities and water 

contamination must be avoided to prevent their formation: 

𝑈𝐹4(𝑙) + 2𝐻20(𝑙)  → 𝑈𝑂2(𝑠) + 4𝐻𝐹(𝑙) 

𝐵𝑒𝐹2(𝑙) + 𝐻2𝑂(𝑙)  → 𝐵𝑒𝑂(𝑠) + 2𝐻𝐹(𝑙) 

Above reactions apply similarly to chlorides. The main reactions in the fluoride salts are reduction of 

hydrogen and nickel fluorides by the alloy’s chromium. Uranium tetrafluoride is also able to attack 

chromium and dissolve it from the alloy surface: 

2𝐻𝐹(𝑙) + 𝐶𝑟(𝑠) → 𝐶𝑟𝐹2(𝑙) + 𝐻2(𝑙) 

2𝑈𝐹4(𝑙) + 𝐶𝑟(𝑠) → 2𝑈𝐹3(𝑙) + 𝐶𝑟𝐹2(𝑙) 

Reactions above also apply for alloys containing iron. Porous regions depleted of chromium are 

formed to alloy surfaces and more chromium is slowly diffused from the bulk of the alloy. Oxide films 

Figure 15 Redox Potential of Common Alloy Elements [97] [134] 
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at alloy surfaces, formed for example by welding, are able to react with salt constituents and form 

nickel fluorides. Diffusion welding is recommended to avoid excessive oxide formation and 

subsequent reactions in nickel alloys: 

2𝑁𝑖𝑂(𝑠) + 𝑈𝐹4(𝑙) → 𝑁𝑖𝐹2(𝑙) + 𝑈𝑂2(𝑠) 

𝑁𝑖𝑂(𝑠) + 𝐵𝑒𝐹2(𝑙) → 𝑁𝑖𝐹2(𝑙) + 𝐵𝑒𝑂(𝑠) 

Again, same applies for iron oxides and chloride salts (UCl4). During operation, redox control and its 

monitoring are key parameters to determine corrosion behavior. Electrochemical sensors and optical 

spectroscopy can be used to measure redox potential of a salt [94]. Redox potential control 

methologies include gas sparkling, soluble salt buffers and reducing metals.  

Corrosion can be controlled by introducing a buffer into the salt and monitoring its oxidation states. 

Ce4+/Ce3+ or Eu3+/Eu2+ redox couple with gadolinium metal as a reducing agent have been proposed 

for fluoride salts. Maintaining their ratio below 0.05, chromium dissolution could be largely avoided. 

This can be observed from the figure 15 above by comparing redox potentials. Unfortunately, 

europium has relatively large capture cross section and is considered to be practical only in the 

secondary loop. In case of leakage in the primary circuit, this would ensure larger negative reactivity 

feedback. The Eu3+/Eu2+ concentration ratio can be measured precisely for example by cyclic 

voltammetry techniques.  

More advantageous strategy for the corrosion control of a fuel salt is to control the ratio of uranium 

oxidation states. Corrosion rate increases roughly as a squared ratio of molar concentration of U4+/U3+ 

in the salt. By keeping the ratio sufficiently low, corrosion rate should be drastically reduced. There 

are at least two options to maintain the ratio: First option is to introduce a reducing agent, such as 

metallic beryllium or uranium, into the salt. Metallic beryllium becomes oxidized more readily than 

structural material elements and reacts primarily with uranium fluorides, thus providing the U4+/U3+ 

buffer indirectly. Solid uranium instead forms the buffer directly: 

𝐵𝑒(𝑠) + 2𝑈𝐹4(𝑙) → 𝐵𝑒𝐹2(𝑙) + 2𝑈𝐹3(𝑙) 

3𝑈𝐹4(𝑙) + 𝑈(𝑠) ↔ 4𝑈𝐹3(𝑙) 

Another option for redox control is HF/H2 cover gas, which has been used traditionally for removal of 

dissolved impurities such as oxides, sulfides and metallic fission products from the salt. Advantage is 

its simplicity, but a slow mass exchange between liquid and gas phases may lead to more non-uniform 

molten salt chemistry and potentially generates more waste than the alternatives described above.  

There are two kinetic parameters describing the rate of chromium selective corrosion: rate of diffusion 

from the solid alloy to the surface, and mass emission from the surface into the salt. Rate of diffusion 

can be decreased by introducing alloy additives. Mass emission from the surface can be mitigated by 

different platings. A redox buffer with very low reaction rate constant may have negligible influence 

to prevent the corrosion reaction. Fortunately, reactor kinetics for U4+/ U3+ reaction are found to be 

very fast. 

Important phenomenon damaging structural materials, which was observed already during the MSRE, 

is the tellurium intergranular cracking (IGC). Tellurium is one of the most harmful fission products to 

nickel-chromium alloys, since it tends to concentrate on the grain boundaries and form brittle 
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intermetallic compounds NixTey and CrxTey. IGC is found to have threshold values and in Ni-Cr alloys 

its impact can be mitigated by maintaining U4+/U3+ ratio below 60% [95]. Advantage of the high U3+ 

content is that it reacts readily with any oxidizing compound such as HF and prevents structural 

materials from oxidation. On the other hand, in graphite moderated systems too low U4+/U3+ ratio 

may lead to U3+ reaction with carbon and uranium carbide formation, which should be avoided. 

Corrosion increases significantly at high temperatures and most of the alloys are validated only up to 

750°C [96]. Large temperature gradients drive thermodynamic corrosion, inducing continuous metal 

dissolving at high temperature areas and corresponding precipitation at cold regions, mainly at the 

heat exchanger surfaces. Equilibrium concentration of CrF2 may be unreachable and chromium could 

dissolve continually. 

Corrosion studies of chloride salts at high temperatures today are mainly focused on solar thermal 

applications. Corrosion mechanisms described above mainly apply to chloride salts, even though they 

have some specific features. Thin oxide layers formed at the alloy surfaces are destabilized by the 

actinide or lanthanide chlorides, as can be depicted from the reduction potentials. In chloride salts, 

nickel oxides are the most vulnerable to get stripped out of the surfaces: 

𝑁𝑖𝑂 + 𝑁𝑑𝐶𝑙3  →  𝑁𝑖𝐶𝑙2 +𝑁𝑑𝑂𝐶𝑙 

𝑁𝑖𝐶𝑟2𝑂4 +𝑁𝑑𝐶𝑙3 →  𝑁𝑖𝐶𝑙2 + 𝐶𝑟2𝑂3 +𝑁𝑑𝑂𝐶𝑙 

Presence of oxygen accelerates corrosion. Inert atmosphere provided by argon or another noble gas 

might be required for both chloride and fluoride salts to avoid material oxidation and formation of 

hydrogen. Magnesium as MgCl2 is known to be corrosive, since its reduction potential is more positive 

compared to other alkali or alkali earth chlorides. It tends to destabilize the native oxide layer and 

exacerbate corrosion significantly [97]. Contrary to the bare metal corrosion in molten fluorides, the 

oxide corrosion products are typically formed at alloy surfaces in molten chloride salts. For example 

Cr2O3, NiO, FexOy, oxides are formed readily even with minor oxygen content, but are far less stable in 

chlorides compared to water environment. Pre-oxidation in oxygen-containing environment for 

alumina-forming alloys (e.g. Inconel 702 and Haynes 224) would provide more stable layer. Pre-

oxidized alloys were found to retain a passive oxide layer after 4 hour immersion in the 1050°C molten 

chloride salt [98]. Results are promising, albeit experiments were conducted for solar thermal 

applications, in which fission products are not present. 

In summary, salt purity has a major impact to corrosion rates in molten fluorides and chlorides. 

Standardization is needed to facilitate molten salt corrosion studies and to make comparison easier. 

In once-through cycles impurities are more severe concern as the fuel salt is processed only partly by 

gaseous and non-soluble FP removal. When soluble fission products (around 50% of FPs are soluble) 

remain in the salt, these impurities are able to drive corrosion especially when large thermal gradients 

are present. Nevertheless, with adequate materials, redox monitoring and its control, corrosion 

problems can be overcome. 

3.7 Power Conversion 

Due to high operating temperatures, MSRs are able to exceed 40% net electricity production 

efficiencies compared to typical LWR efficiencies of 33-35% and around 31% of PHWR reactors [99]. 

Lower efficiency of the PHWR plants is largely due to lower pressure and temperature of the incoming 
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steam to the turbine. MSR operating temperatures over 600°C expand options for electricity 

production systems. Besides conventional steam turbine Rankine cycle, gas turbine Brayton cycles 

could be deployed. Generally Brayton cycles require temperatures exceeding 500°C to become 

beneficial, which are far beyond the LWRs steam temperatures around 300°C. If turbine inlet 

temperatures exceed 550°C, ultra-supercritical steam cycle would be required to improve efficiency if 

water is used as a working fluid. However, reliability issues due to material degradation caused by high 

pressures and temperatures, raise interest in alternative conversion systems not based on steam. 

A gas turbine technology has evolved significantly over the years and most attention has been paid to 

helium or supercritical CO2 (S-CO2) cycles. Helium is chemically inert and CO2 is also relatively passive. 

At least air, CO2, N2 and He gases have been investigated for indirect closed Brayton cycle for pebble 

bed gas cooled reactor. It was found out that helium would perform best especially in high 

temperatures due to its large heat capacity and good heat transfer characteristics [100]. However, 

some studies suggest that cycle efficiencies reach Rankine cycle efficiencies only with temperatures 

beyond 800°C. Main drawback of these advanced gas turbine technologies is, that their reliability and 

economical competitiveness is yet to be proven, since no large system in commercial use exists. 

S-CO2 cycle could be applied with almost any type of high temperature source. During the past years, 

research activities have grown exponentially, leading to rather large variation of efficiency 

assessments. In summarized studies, even 50-60% efficiency with combined cycles seems achievable 

[101]. Much of the work in the field is related to solar heat systems and fossil or waste powered plants. 

Main advantages of the S-CO2 cycle is its compact turbomachinery and lower corrosion compared to 

steam at the same temperature. Critical point of CO2 is at smaller pressure and temperature than that 

of water, which simplifies the design. When the fluid is supercritical throughout the system, it is denser 

and its volume change is much smaller. This results in significantly decreased compression work. With 

high working fluid densities, also volumetric flow rates can be decreased and a four times smaller 

overall system size compared to steam Rankine cycle systems may be achievable with the S-CO2 [102]. 

Disadvantages are small pressure ratio and high turbine outlet temperatures, which both limit 

obtainable power. Recuperators are essential for recovering part of the heat after the turbine, as the 

exiting gas is rather warm. 

Load following capabilities are desired capability for Gen IV reactors, since the share of intermittent 

renewable energy in the grid is estimated to grow. Current Gen III reactors are typically designed for 

constant power operation, mainly because the low fuel costs are not promoting variable electricity 

production. BWR’s load following capacities by controlling boiling of the core, are slightly better 

compared to PWR’s. However, both reactors are well suitable for load following and frequency control 

operation and in France non-baseload operation is frequent [103]. When power demand varies, 

control strategies are required to minimize thermal stress on mechanical structures. To limit this 

stress, pressure level control -for example by regulating the mass flow rate of the working cycle- can 

be applied. This strategy, called as inventory pressure control, has been studied for the VHTR and the 

GFR [104]. 

Power control of the MSR can be primarily done by altering the circulation speed of a secondary 

coolant. By decreasing secondary coolant speed, heat transfer out of the core decreases and the core 

temperature rises. This, in turn, decreases reactivity due to strong, inherent negative reactivity 

coefficients. Power can be increased by accelerating secondary coolant speed and as more heat is 
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taken out of the core, its temperature gets lower and induced positive reactivity increases power. 

Therefore load following may be possible completely without control rods, which are left only for the 

immediate shutdown. Fuel salt circulation speed of the primary loop may be also used for control, or 

altering the gas bubbling of the core. Bubbling increases void fraction (ratio of gas/liquid phase) and 

thus reduces density of the fuel, leading to decreased power. 

Combined cycles have been proposed also for the load-following operation. For example FHR with 

Nuclear Air-Brayton Combined Cycle (NACC). The main idea is to add a thermodynamic topping cycle 

with high efficiency (>60%) to fulfill various electricity production needs. Fuel for the topping cycle can 

be for example natural gas, hydrogen or stored heat. In the last case, Firebrick Resistance-heated 

Energy Storage (FIRES) has been proposed to cooperate with the NACC [105]. With this arrangement, 

power output could be varied from net negative power (heat storage) to over double the base-load 

capacity. However, these systems are not demonstrated and considerable research work is required 

before technology commercialization. 

Capacity factors of current LWRs vary typically from 80 to 90 % because of maintenance and refueling 

needs, which requires a reactor shutdown. Compared to other energy production technologies, 

capacity factors are among the highest. However, on-line refueling of liquid MSRs enables fuel salt 

exchange during the operation, and therefore at least same capacity factors as with LWRs can be 

expected. 

4. Methods and Tools 

In this section, methods to calculate the fuel composition evolution over time are presented. These 

so called burnup calculations are required to predict neutronics performance and the refueling 

requirements of a reactor. In addition, some safety parameters and corrosion of the MSR are strongly 

dependent of the fuel composition. When fuel depletion is taken into account, neutron transport 

problem becomes non-linear and iteration between different solvers is required. At first, the neutron 

transport equation and its two largely different solution methods are presented: deterministic and 

stochastic methods. After the neutron flux is solved by either of these methods, burnup equations of 

nuclide compositional changes can be solved over certain time steps. Similarly, two alternative 

approach for solving the burnup equations exist: the matrix exponential and transmutation trajectory 

analysis (TTA) methods. Applied programs are presented at the end of this chapter. 

In burnup calculation, the long-time behavior of the system is under interest. Thus, steady-state 

operation conditions are assumed and reactor kinetics, as well as dynamics, are omitted. Delayed 

neutron precursors are not taken into account and reactivity feedback coefficients are neglected. Fluid 

flow affects the neutron flux by three ways: changes of the differential scattering cross sections, 

changes of the angular fission neutron emission spectra and the movement of delayed neutron 

precursors (DNP). Since neutron speeds in a reactor are far greater compared to a fluid flow speed 

(thermal neutrons 2.2 km/s and fast > 10000 km/s), the DNP movement is the only parameter that 

may have any effect to the flux. However, even though DNP drift has impact on transients at low 

powers, effects to the flux are typically negligible [106]. 



58 
 

4.1 Neutron Transport Equation 

Neutron transport equation (NTE), also known as the Boltzmann equation, describes a neutron 

distribution in the reactor. It forms a physical foundation of the neutron flux calculations, but 

simplified methods must be derived from it in order to solve practical reactor problems. The NTE is a 

balance statement of neutrons and contains seven independent variables. It express neutron loss and 

production over time in three dimensions, for each direction and energy. The equation is typically 

written in a form, in which neutron density is replaced by the neutron flux and speed: 𝑁 = Φ/v. 

Solving the equation for a flux instead of neutron densities becomes apparent, when the burnup 

equations are considered. Time-dependent NTE in its standard integro-differential form is written as: 

1

𝑣(𝐸)

𝜕𝜓(𝒓,𝜴, 𝐸, 𝑡)

𝜕𝑡⏟            
𝑇𝑖𝑚𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑥

= 𝑄(𝒓,𝜴, 𝐸, 𝑡)⏟        
𝑆𝑜𝑢𝑟𝑐𝑒 𝑡𝑒𝑟𝑚𝑠

−𝜴 ∙ 𝛻𝜓(𝒓,𝜴, 𝐸, 𝑡)⏟          
𝐿𝑜𝑠𝑠 𝑏𝑦 𝑠𝑡𝑟𝑒𝑎𝑚𝑖𝑛𝑔

− Σ𝑡(𝒓, 𝐸, 𝑡)𝜓(𝒓, 𝜴, 𝐸, 𝑡)⏟              
𝐿𝑜𝑠𝑠 𝑏𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

 

, where vector variables are bolded and the source term Q is composed of scattering, fission and 

external source of neutrons. At typical reactor energies, fission neutrons are emitted isotopically and 

the fission term can be written with the scalar flux. If division between prompt and delayed neutrons 

is not made, source term can be written as: 

𝑄(𝒓,𝜴, 𝐸, 𝑡) = 𝑆(𝒓, 𝜴, 𝐸, 𝑡) + 𝐹(𝒓, 𝜴, 𝐸, 𝑡) + 𝑄𝑒𝑥𝑡(𝒓, 𝜴, 𝐸, 𝑡)

= ∫ 𝑑𝐸′

∞

0

∫ 𝛴𝑠(𝒓, 𝜴′ → 𝜴, 𝐸′ → 𝐸, 𝑡)𝜓(𝒓, 𝜴′, 𝐸′, 𝑡)𝑑𝜴′
4𝜋

+
𝜒(𝐸)

4𝜋
∫ 𝜈(𝐸′)𝛴𝑓(𝒓, 𝐸′, 𝑡)𝜙(𝒓, 𝐸′, 𝑡)𝑑𝐸′

∞

0

+ 𝑄𝑒𝑥𝑡(𝒓, 𝜴, 𝐸, 𝑡) 

External sources are considered typically in radiation shielding, accident analysis, during reactor 

startup or after its shutdown. They are not considered during reactor operation, when neutrons are 

produced by the system itself and the reactor is in self-sustained state. External sources may include 

spontaneous fission sources of certain nuclei (252Cf etc.) or artificial sources. For example during a 

reactor startup, 238Pu or other strong alpha emitter can be combined with 9Be for a production of extra 

neutrons by (α,n) reactions. 

The NTE becomes non-linear, if fuel depletion or reactivity feedbacks are considered. The equation is 

non-linear in burnup calculations, because reaction rates are dependent of the material composition. 

Even with linear assumption, solving of NTE is very difficult due to complex energy dependency of 

reaction cross sections, often heterogeneous reactor geometries and tedious directional 

dependencies of scattering and streaming terms. Nevertheless, the total reaction rate is under main 

interest in burnup calculations, not possible directional differences of the flux. Therefore, integration 

over the full solid angle can be done to obtain the scalar flux: 

𝜙(𝒓, 𝐸, 𝑡) = ∫ 𝜓(𝒓,𝜴, 𝐸, 𝑡)
4𝜋

𝑑𝜴 

Integration of time-derivative term on the left hand side of NTE is straightforward, as well as 

integration of the fission source and total absorption terms. The fission source term was written with 
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the scalar flux already, and integration cancels only 4𝜋 term. For brevity, only time-derivative term 

integration is presented here: 

∫
1

𝑣(𝐸)

𝜕𝜓(𝒓,𝜴, 𝐸, 𝑡)

𝜕𝑡
=

1

𝑣(𝐸)4𝜋

𝜕

𝜕𝑡
∫ 𝜓(𝒓,𝜴, 𝐸, 𝑡)𝑑𝜴 =

1

𝑣(𝐸)

𝜕

𝜕𝑡4𝜋

𝜙(𝒓, 𝐸, 𝑡) 

Unfortunately, scattering isn’t isotropic in laboratory frame and the integration goes differently. As 

the scattering cross section depends only on the angle between directions 𝜴′ and 𝜴, scattering term 

can be written with the scattering cosine 𝜇: 

𝑆(𝒓, 𝜴, 𝐸, 𝑡) = ∫ [∫ 𝑑𝐸′
∞

0

∫ 𝛴𝑠(𝒓, 𝜴
′ → 𝜴,𝐸′ → 𝐸)𝜓(𝒓,𝜴′, 𝐸′, 𝑡)𝑑𝜴′

4𝜋

]
4𝜋

 

= ∫ ∫ 𝑑𝐸′
∞

0

[∫ 𝛴𝑠(𝒓, 𝜇, 𝐸
′ → 𝐸, )𝑑𝜇

1

−1

]𝜓(𝒓, 𝜴′, 𝐸′, 𝑡)𝑑𝜴′

4𝜋

 

= ∫ 𝛴𝑠(𝒓, 𝐸
′ → 𝐸)𝜙(𝒓, 𝐸′, 𝑡)𝑑𝐸′

∞

0

 

Streaming term can be written using the angular current density j: 

𝜴 ∙ 𝛻𝜓(𝒓,𝜴, 𝐸, 𝑡) = 𝛻 ∙ 𝜴𝜓(𝒓,𝜴, 𝐸, 𝑡) = 𝛻 ∙ 𝒋(𝒓, 𝜴, 𝐸, 𝑡) 

∫ 𝛻 ∙ 𝒋(𝒓, 𝜴, 𝐸, 𝑡)
4𝜋

𝑑𝜴 = 𝛻 ∙ ∫ 𝒋(𝒓, 𝜴, 𝐸, 𝑡)
4𝜋

𝑑𝜴 = 𝛻 ∙ 𝑱(𝒓, 𝐸, 𝑡) 

, where J is the neutron current density. After all the terms are integrated, so called neutron continuity 

equation can be written as: 

1

𝑣(𝐸)

𝜕𝜙(𝒓, 𝐸, 𝑡)

𝜕𝑡
= −𝛻 ∙ 𝑱(𝒓, 𝐸, 𝑡) − Σ𝑡(𝒓, 𝐸)𝜙(𝒓, 𝐸, 𝑡)            

+ ∫[𝛴𝑠(𝒓, 𝐸
′ → 𝐸)𝜙(𝒓, 𝐸′, 𝑡) + 𝜒(𝐸)𝜈(𝐸′)𝛴𝑓(𝒓, 𝐸′)𝜙(𝒓, 𝐸′, 𝑡)]𝑑𝐸′

∞

0

 

Up to this point, only the linearity approximation (cross sections are time-independent) was made to 

the original form of the NTE. However, time-dependency of the flux term in simplified form is still 

impractical to solve. Equation is conventionally converted to eigenvalue or fixed source form, 

depending whether external sourced exist or not. Both forms are independent of time and solvable 

by deterministic or stochastic methods. Fixed source problems are solved when the system is far from 

criticality, or if no fission source exists. Criticality of the system can be determined by solving the 

eigenvalue problem, of which the most common are α- and k-eigenvalues. During constant operation, 

neutrons are produced by fissions and eigenvalue problems are relevant. In the α-eigenvalue problem, 

time-dependency is assumed to be separable from other variables and to have an exponential form: 

𝜕𝜙(𝒓, 𝐸, 𝑡) = 𝜕𝜙(𝒓, 𝐸, 𝑡)𝑒𝛼𝑡. Substituting this to continuity equation yields to following time-

independent form: 
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𝛼

𝑣
𝜙(𝒓, 𝐸) = −𝛻 ∙ 𝑱(𝒓, 𝐸) − Σ𝑡(𝒓, 𝐸)𝜙(𝒓, 𝐸) + 𝑆(𝒓, 𝐸) + 𝐹(𝒓, 𝐸) 

, where  𝐹(𝒓, 𝐸) = 𝜒(𝐸)∫ 𝜈𝛴𝑓(𝒓, 𝐸
′)𝜙(𝒓, 𝐸′)𝑑𝐸′

∞

0
   𝑎𝑛𝑑   𝑆(𝒓, 𝐸) = ∫ 𝛴𝑠(𝒓, 𝐸

′ → 𝐸)𝜙(𝒓, 𝐸′)𝑑𝐸′
∞

0
 

α-eigenvalue has several disadvantages: it causes the removal term of neutrons to be inversely 

proportional to their speed, causing undesirable neutron spectrum shifts (in subcritical systems this 

leads to downward shift of energy spectrum, and in supercritical systems to upward shift) [107]. In 

addition, α has negative values if the system is subcritical. Numerical algorithms generally perform 

better in k-eigenvalue problems, in which k is always positive. By taking k-eigenvalue as an example 

we can write the equation as: 

𝛻 ∙ 𝑱(𝒓, 𝐸) + Σ𝑡(𝒓, 𝐸)𝜙(𝒓, 𝐸) = 𝑆(𝒓, 𝐸) +
1

𝑘𝑒𝑓𝑓
𝐹(𝒓, 𝐸) 

In this form, the k-factor scales the production of neutrons equal to their loss by streaming or 

absorption. Solution of equation yields to infinite number of eigenfunctions 𝜙0, 𝜙1, … and their 

associated eigenvalues 𝑘0, 𝑘1, … It can be noticed, that only the fundamental flux 𝜙0 and 

corresponding eigenvalue 𝑘0 persist in asymptotic solution. Eigenvalue 𝑘0 is denoted also as the 

effective multiplication factor 𝑘𝑒𝑓𝑓. If 𝑘𝑒𝑓𝑓 < 1, the system is subcritical and fission source term is 

scaled up to remain the equality. The system is supercritical if 𝑘𝑒𝑓𝑓 > 1 and critical when 𝑘𝑒𝑓𝑓 = 1. 

Equation is sometimes written in operation notation as: 

𝑴𝜙 =
1

𝑘𝑒𝑓𝑓
𝑭𝜙 

, where 𝑴 = 𝛻 ∙ 𝑱 + Σ𝑡(𝒓, 𝐸) − 𝑄(𝑟, 𝐸) + ∫ 𝛴𝑠(𝒓, 𝐸
′ → 𝐸)𝑑𝐸′ 𝑎𝑛𝑑 𝑭 = 𝜒(𝐸)∫ 𝜈𝛴𝑓(𝒓, 𝐸

′)𝑑𝐸′
∞

0

∞

0
 

Eigenvalue equations are homogeneous without external sources, thus requiring normalization to 

determine magnitude of the flux. Normalization is typically done by scaling homogeneous flux solution 

to the reactor power, which leads to correct reaction rates in the burnup calculations. Next we’ll 

briefly discuss methods to simplify the equation even further. 

4.1.1 Deterministic Methods 

Deterministic methods play a fundamental role in the reactor neutronics modeling and are often 

implemented in perturbation or sensitivity analyses. They aim to solve the Boltzmann equation 

directly, but several approximations are required due to the high complexity of the problem. 

Continuous spatial, directional and energy terms of the NTE are all discretized. This naturally leads to 

equations in matrix forms, which can be solved numerically. 

When space discretization is applied, block matrix can be obtained, in which each diagonal block is a 

monoenergetic transport problem. Discretization could be performed by several ways: the method of 

characteristics (MOC), finite difference (FDM), finite element (FEM), the collision probability or some 

nodal method, are all applicable [108]. Method of characteristics was developed originally to eliminate 

negative fluxes encountered in many finite different approximations. Finite element approximations 

can be applied to irregular geometries, but they have some requirements for scattering isotropy.  
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Angular treatment can be neglected in rather homogeneous MSRs, which greatly simplifies solution 

procedure. In heterogeneous LWRs instead, flux’s angle dependency must be considered in assembly 

level calculations to sustain high accuracy (and more precise input for subsequent lattice codes). Angle 

discretization can be based on direct discretization or function expansions. Generally two alternatives 

exist: the discrete ordinates (PN) and the spherical harmonics (SN) method. Also the simplified P3 (SP3) 

approximation has gained popularity and is proven to be computationally less expensive compared to 

higher order methods [109]. 

Separate fuel assemblies and coolant channels cause clear heterogeneity in the LWRs, and 

sophisticated techniques have been developed to treat the space and angular dependency of the flux. 

Core designs are more heterogeneous, if advanced assembly and control rod designs, mixed-oxide 

fuels or high burnup loadings are intercorporated. Fortunately, simpler treatment of space and 

angular variables is possible with homogeneous liquid fueled MSRs. Traditionally, methods for the 

core neutronics analysis have been based on the diffusion theory and nodal, two-group diffusion 

methods. In following, discussion about different solution methods and derivation of a one-group 

diffusion theory approximation, are given. 

Energy discretization is rather similar for all deterministic methods. Neutrons are divided into different 

energy groups in so called multi-group approximations. Number of groups varies from traditional two 

(thermal and fast groups), up to a few thousand of groups. Neutrons are born in high energies and 

slowed down to lower energies through scattering reactions. Hence, they can be ordered such a way 

that highest energy group has an index zero: 

𝐸0 > 𝐸1 > 𝐸2 > ⋯ > 𝐸𝐺 

Then group-wise scalar flux of the continuity equation corresponds an integral of neutrons within 

energy between the groups g and g-1: 

∫ 𝜙(𝒓, 𝐸)𝑑𝐸

𝐸𝑔−1

𝐸𝑔

 

Thus, removal term can be written as: 

𝜙𝑔(𝒓) = ∫ Σ𝑡(𝒓, 𝐸)𝜙(𝒓, 𝐸)𝑑𝐸

𝐸𝑔−1

𝐸𝑔

= Σ𝑡,𝑔𝜙𝑔(𝒓) 

Current density term can be written similarly. Group-wise macroscopic cross section above can be 

calculated as a flux-volume weighted average. This treatment homogenizes material regions, as cross 

section is integrated also over space to preserve the total reaction rate: 

Σ𝑡,𝑔 =
∫ ∫ Σ𝑡(𝒓, 𝐸)𝜙(𝒓, 𝐸)𝑑𝐸𝑑𝑉

𝐸𝑔−1
𝐸𝑔𝑑𝑉

∫ ∫ 𝜙(𝒓, 𝐸)𝑑𝐸𝑑𝑉
𝐸𝑔−1

𝐸𝑔𝑑𝑉

 

Same procedure applies for the fission and scattering terms. However, there is a paradox: neutron flux 

solution is required for the calculation of flux-volume weighted cross section, and vice versa. Higher 
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order deterministic methods are needed to obtain the initial flux solution. Monte Carlo codes can 

generate stochastic estimates of the cross sections without intermediate steps, which is a clear 

advantage. 

Last step before obtaining the diffusion equation is to replace the neutron current density with flux’s 

gradient as: 

𝑱𝒈(𝒓) = −𝐷𝑔(𝒓)∇𝜙(𝒓) 

This approximation is also known as Fick’s Law. Without going into details, the diffusion coefficient D 

can be derived from the transport equation [110]. Under certain approximations, it is related to total 

cross section and scattering: 

𝐷𝑔 =
1

3(Σ𝑡,𝑔 − Σ𝑠,𝑔�̅�)
=

1

3Σ𝑡𝑟,𝑔
 

, where Σ𝑡𝑟 is the transport cross section and �̅� is the average scattering angle. After the terms 

are collected, the multi-group diffusion equation can be written as: 

−𝐷𝑔∇
2𝜙𝑔(𝒓) + Σ𝑟,𝑔𝜙𝑔(𝒓) = ∑ 𝛴𝑠,𝑔′→𝑔𝜙𝑔′(𝒓) +

1

𝑘

𝐺

𝑔′≠𝑔

𝜒𝑔 ∑ 𝜈𝑔′𝛴𝑓,𝑔′𝜙𝑔′(𝒓)

𝐺

𝑔′=1

 

, where removal cross section Σ𝑟,𝑔 = Σ𝑡,𝑔 − Σ𝑠,𝑔→𝑔 is used to simplify notation. In homogeneous 

MSRs, diffusion coefficient is not dependent on position 𝒓. It is trivial to derive simplified one- or two-

group equations from the multigroup equation. Considering facts, that the neutrons born in high 

energies and are not scattered from thermal energies up to fast group, a two-group equation can be 

written as: 

−𝐷1∇
2𝜙1(𝒓) + (Σ𝑎,1 + Σ𝑟,1)𝜙1(𝒓) = 𝜈1𝛴𝑓,1𝜙1(𝒓) + 𝜈2𝛴𝑓,2𝜙2(𝒓) 

−𝐷2∇
2𝜙2(𝒓) + Σ𝑎,2𝜙2(𝒓) = Σ𝑟,1𝜙1(𝒓) 

, where subscripts 1 and 2 stand for fast and thermal groups, respectively. Conventionally, the energy 

group boundary is set to 0.625 eV. The two-group method was used to estimate optimal height-to-

radius ratios and critical core volumes. 

4.1.2 Stochastic Methods 

Numerical methods known as Monte Carlo (MC) methods, can be described as statistical methods. 

Their history dates back to the eighteenth century, but the basis for modern Monte Carlo simulations 

was founded in the Manhattan project during World War II. They rely on repeated random sampling 

from prescribed probability distributions and scoring (tallying) the statistics of interest. Monte Carlo 

methods can be applied into wide variety of problems, for both stochastic and deterministic. Neutron 

or photon transport, multi-dimensional integrals and ordinary or partial differential equations can all 

be solved by these methods. MC methods are computationally expensive, but advanced computer 

architectures and increased computational power have made their efficient implementation to 

increasing number of problems possible. 
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In reactor physics, MC methods have been used in criticality calculations and to prepare homogenized 

and energy condensed cross sections for deterministic codes. Random path of every neutron is 

simulated independently and the transport history of every neutron is stored. This eases modeling of 

complex geometries in comparison to deterministic methods. Interaction physics of neutron 

transport, such as neutron scattering, can be simulated directly without need for discretization of 

angle and energy variables. MC method is said to be analog if physical laws are preserved during the 

computation, i.e. the history of each neutron is simulated exactly. However, usually it is practical to 

leave strictly analogous simulation and modify interaction events in order to reduce computational 

time (implicit methods). 

MC methods are ideal for parallelization, since each neutron is simulated independently. 

Parallelization decreases computational times remarkably, as the time consumption is almost linearly 

comparable to the computational power. Drawbacks of MC methods for neutronics calculations are 

that tabulated probability distributions, for example energy cross sections, require rather large 

memory. In addition, accuracy of computations depends heavily of the probability distributions, such 

as neutron interaction data. Error estimates are based on the uncertainty of the treatment of the data, 

not the accuracy of the data itself. Computation times are generally larger compared to deterministic 

methods. Huge neutron populations must be simulated in order to obtain results with acceptable 

statistical error, which typically decreases as 1/√𝑁. 

Statistical error of MC computations can be approximated and termination criteria introduced to stop 

neutron transport after certain accuracy. Statistical errors can be reduced further by variance 

reduction techniques. They are used preferably in radiation protection, and basic techniques include 

truncation, modified sampling or population control methods. Adaptive variance reduction 

techniques also exists, such as Global Weight Window Generator (GWWG), but they are rather 

complex and used mainly in fusion neutronics [111]. Some methods apply source converge 

acceleration. At the beginning of eigenvalue calculations, large number of inactive (=not used to 

collect the statistics) neutron cycles must be simulated in order to converge the neutron source 

distribution. Shannon entropy can be computed to ensure converge of the fission source distribution. 

Core designs are generally heading towards higher heterogeneity and complexity. Monte Carlo 

methods perform well with complicated and irregular geometries, which are typically cumbersome to 

deal with deterministic methods. There is a tendency to couple the MC neutronics calculation with a 

thermal-hydraulic codes, to obtain a full 3D power and thermohydraulic solutions of the core [107].  

4.2 Burnup Equations 

Fuel composition changes over time due to the decay of radioactive isotopes and neutron induced 

transmutation reactions. Estimation of the core composition is important for several design and 

operational parameters, such as reactivity coefficients, waste management and accidental analyses. 

Conventional burnup equations, also known as Bateman equations, describe concentration changes 

of the nuclides in the reactor. The following first order ordinary differential equations with constant 

coefficients can be written for each nuclide 𝑖 as: 

𝑑𝑛𝑖
𝑑𝑡
= −𝜆𝑖𝑛𝑖(𝑡) − 𝜎𝑖→𝑗𝜙𝑖𝑛𝑖(𝑡) +∑𝑏𝑗→𝑖𝜎𝑗→𝑖𝜙𝑗𝑛𝑗(𝑡)

𝑗≠𝑖

+ 𝑏𝑗→𝑖∑𝜆𝑗𝑛𝑗(𝑡)

𝑗≠𝑖
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, where 𝜆 = decay constant, 𝜙 = scalar flux (volume-averaged), 𝜎 = one-group microscopic cross 

section and 𝑏 = branching ratio, i.e. probability that some reaction of nucleus 𝑗 provides nucleus 𝑖. 

Equations are coupled for a system of different nuclei, because of reactions from one nucleus to the 

other (𝑗 → 𝑖). This naturally leads to equations in a matrix form. However, coupling of material 

composition and the neutron flux make calculations cumbersome and certain approximations must 

be done. 

The burnup problem would be non-linear, since the flux is dependent of compositions. Therefore, 

linearization and iteration between the flux and the burnup equation solvers is necessary. In practice, 

a new fuel composition is calculated based on the previously calculated flux, which is assumed to be 

constant over one or several depletion steps. This constant flux assumption linearizes the burnup 

equations. After a new fuel composition is obtained, new flux value can be calculated based on a new 

fuel composition, and so on. Different numerical schemes can be used to obtain more accurate 

estimates of the flux and compositions. Conventionally deployed explicit and predictor-corrector 

methods may suffer from a numerical instability [121]. Implicit methods are unconditionally stable, 

but have accuracy concerns with longer time steps. Recently, a novel way to improve the accuracy has 

been demonstrated, with sub-stepping and assuming a logarithmic-linear correlation between nuclide 

densities and reaction rates [122]. 

In heterogeneous reactors, the burnup equations must be solved in many spatial locations. This greatly 

slows down the calculation procedure. With homogeneous medium assumption, spatial dependency 

of isotope densities can be neglected. This is a good approximation for continuously flowing liquid 

fueled MSR, but poor for solid fueled reactors. Nuclear reactors produce typically over 2000 different 

isotopes, and even greater number of possible reactions may occur between them. Burnup equations 

can be solved with two alternative ways: linear chains or matrix exponential methods. Both methods 

generally require constant coefficient equations. Linear chains methods are not implemented in this 

study, but for perspective, they are briefly discussed. 

4.2.1 Linear Chains Methods 

In linear chains methods, as the name suggests, the transmutation and decay network is divided into 

independent linear chains. These chains can be solved one after the other when branching ratios are 

known. The linearization process of non-looping chains is visualized in appendices. Analytical solution 

for chains containing only radioactive decay was derived already in 1910 by Bateman itself: 

𝑁𝑖(𝑡) =
𝑁1(0)

𝜆𝑖
∑𝜆𝑗

𝑖

𝑗=1

𝛼𝑗𝑒
−𝜆𝑗𝑡  

, 𝑤ℎ𝑒𝑟𝑒 𝛼𝑗 = ∏
𝜆𝑘

(𝜆𝑘 − 𝜆𝑗)

𝑖

𝑘=1,𝑘≠𝑗

 

Accounting transmutation reactions introduces looping chains, which lead to infinitely long chains. 

When chains are infinitely long, sum term in the Bateman equation does not converge. More problems 

arise if the chain contains two isotopes with the same index. Then denominator is zero and infinity 

occurs when calculating the coefficient 𝛼𝑗. General solution of Bateman equations, involving trans-
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mutation reactions, was presented by Cetnar in 2006 [112]. This method, known as transmutation 

trajectory analysis (TTA), is the main linear chain method today. Its first step is to linearize decay and 

transmutation network to finite number of linear chains. This can be done by recursive algorithms. 

One widely used way to construct the linear chains is a depth-first-search (DFS) algorithm, but also 

other methods exists [113].  

In the DFS, linear chains are created by following decay and transmutation reactions until the stable 

isotope is found and the chain can be terminated. Then algorithm goes backward the chain until 

untraveled branch appears, and moves down to it. Eventually, all possible chains are created by 

repeating this procedure. Some stopping (cut-off) criteria is needed to truncate chains with very low 

importance, for example chains with negligible nuclide concentrations at the end. Some type of 

passage function can be used, but time-averaged isotope number density and recurrence relations 

have been developed to improve the performance [114]. Except cutting of very low importance chains, 

equations are explicit and thus capable to provide very accurate results. 

Unfortunately, linear chain methods have large computational costs. Compared to novel matrix 

exponential methods, they are slower with an order of magnitude [115]. Matrix exponential methods 

have a comparable accuracy and are often favorable option in burnup calculations. 

4.2.2 Matrix Exponential Methods 

Many processes in the nature can be modeled by a system of linear, constant coefficient ordinary 

differential equations. The matrix exponential methods provide powerful way to solve these kind of 

systems. Equations involving matrix exponential can be solved multiple ways [116]. There’s no 

ubiquitous method to solve every type of a problem, but some methods are preferred over the others. 

The focus is kept on methods, which performance in the burnup calculations has been proven. Burnup 

equations for a system of nuclides 𝑛1, 𝑛2, … , 𝑛𝑖 can be written in the matrix form as: 

𝑑𝒏

𝑑𝑡
= 𝑨𝒏,     𝒏(0) = 𝒏0 

Solution to this equation is: 

𝒏(𝑡) = 𝑒𝑨𝑡 𝒏0 

, where 𝑨 is the coefficient matrix. It contains reaction rates (𝑟 = Σ𝜙) and decay constants 𝜆 for 

radioactive isotopes. Mathematically, the matrix exponential can be defined as a Taylor series, in 

which term 𝑘! ensures converge of the series: 

𝑒𝑨𝑡 = 𝑰 +∑
1

𝑘!
(𝑨𝑡)𝑘

∞

𝑘=1

 

Computing the exponential from the definition is often impractical and some numerical methods are 

implemented in burnup calculations. Many methods take advantage of the sparsity of the coefficient 

matrix A to reduce the computational time. Figure 16 below represents non-zero elements of a typical 

burnup matrix. Diagonal elements 𝑎𝑖𝑖  have negative values and contain total loss rates of nuclei, i.e. 

transmutation 𝑟𝑖→𝑗 and radioactive decay 𝜆𝑖 terms. Non-diagonal entries 𝑎𝑖𝑗  are positive, containing 
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transmutation rates 𝑟𝑗→𝑖. For example, fission terms can be seen as a wide block on the right side of 

the burnup matrix. 

 
Figure 16 Burnup Matrix, Generated with Serpent 

A common problem is that short-lived nuclides induce very large eigenvalues. They increase the matrix 

norm up to an order of 1021, which restricts suitability of several numerical methods. In addition, 

dramatically varying nuclide decay constants results to an extremely stiff problem. Flux-induced 

reactions are not as problematic for numerical methods as their variation is smaller.  

Traditionally matrix exponentials have been solved with truncated Taylor series method with scaling 

and squaring or with the Padé approximation. Both are based on approximations near the origin and 

work well if the matrix norm is small. Unfortunately, they are prone to numerical stability problems 

when applied to burnup equations [117]. Novel iterative methods based on Krylov subspaces, such as 

biconjugate gradient stabilized method (BiCGSTAB), have been also implemented. Impractically short 

time-steps may be required with them, due to very large norm of the coefficient matrix 𝑨. 

Burnup matrices have eigenvalues of largely different magnitudes, but it was discovered that they 

concentrate near the negative real axis. Consequently, Chebyshev Rational Approximation Method 

(CRAM) was found out to be an efficient method to solve the burnup equations [118]. It as gain 

popularity as an accurate and computationally quick method. Approximations of rational function 𝑥 

and real matrix 𝑨 can be written as: 

𝑟𝑘,𝑘(𝑥) = 𝑎0 + 2𝑅𝑒

[
 
 
 

∑𝛼𝑖(𝒙 − 𝜃𝑖)
−1

𝑘
2

𝑖=1
]
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𝒏(𝒕) ≈ 𝑟𝑘,𝑘(𝑨𝑡)𝒏𝟎 = 𝑎0𝒏𝟎 + 2𝑅𝑒[∑𝛼𝑖(𝑨𝑡 − 𝜃𝑖𝑰)
−1

𝑘
2

𝑖=1

𝒏𝟎] 

, where 𝛼𝑘 and 𝜃𝑘 are CRAM coefficients (residues and poles), 𝑘 is the order and 𝑅𝑒 represents real 

part of the sum term. Practically 14 or 16-order CRAM is implemented. Numerical problems may occur 

with higher orders and different form of the equation would be needed. All CRAM coefficients are 

complex and the matrix inversion is required 𝑘/2 times. Hence, an efficient method for a matrix 

inversion is a necessity. As stated above, properties of the burnup matrices may comprise the accuracy 

of iterative solution methods, which converge is ultimately related to the matrix spectral properties. 

Luckily, a sparse and nearly triangular pattern of the matrix enables efficient use of direct methods. 

For example, an implementation of the CRAM method in the MC code Serpent, uses symbolic LU 

factorization with sparse Gaussian elimination. 

Obtaining the flux solution is generally far more time consuming compared to solving the burnup 

equations with matrix exponentials. Therefore, accuracy of burnup equation solvers is often decisive. 

Other methods implemented in burnup calculations include Laguerre Polynomial Approximation 

(LPAM), Quadrature Rational Approximation (QRAM) and Mini-Max Polynomial Approximation 

method (MMPA), of which the latest seems suitable alternative to the CRAM [119]. It avoids complex 

number computations and only one matrix inverse computation is required: 

𝑒𝑨𝑡 ≈ 𝑎0 +∑𝑎𝑖

𝑘

𝑖=1

[(𝑨𝑡 + 𝑐𝑰)(𝑨𝑡 − 𝑐𝑰)−1]𝑖 

Modified Burnup Equations 

On-line fuel reprocessing and continuous refueling poses difficulties in liquid fueled MSRs. Some 

modifications to aforementioned equations are required. One option to simulate on-line reprocessing 

is to introduce a fictive decay term, which corresponds removal of nuclei: 

𝜆𝑟,𝑖 =
휀𝑒𝑓𝑓,𝑖

𝑇𝑟
 

, where 휀𝑒𝑓𝑓,𝑖 is the extraction efficiency of nuclide 𝑖 and 𝑇𝑟 is the time required to process the entire 

fuel volume. Continuous removal of volatile and insoluble nuclides can be modelled this manner. Total 

decay constant is thus a sum of fictive and physical decay constants: 

𝜆𝑡𝑜𝑡𝑎𝑙,𝑖 = 𝜆𝑖 + 𝜆𝑟,𝑖 

Introducing an on-line reprocessing into burnup equations is straightforward.  In a matrix form this 

modification can be simply written as: 

𝑑𝒏

𝑑𝑡
= [𝑨 + 𝑑𝑖𝑎𝑔(𝝀𝑡𝑜𝑡𝑎𝑙)]𝒏 

Continuous refueling of liquid fueled MSRs introduces a nonhomogeneous term, which is problematic 

for traditional depletion codes [120]. In matrix form this is expressed as: 
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𝑑𝒏

𝑑𝑡
= 𝑨𝒏 + 𝒇(𝑡) 

, where 𝒇(𝑡) is the feed of nuclides 𝑓1, 𝑓2, … , 𝑓𝑖 into the system. Reprocessing and refueling schemes 

are described in more detail in section 4.4. 

4.3 Serpent 

Serpent is a three-dimensional continuous energy Monte Carlo reactor physics code [123]. It is 

developed by the VTT Technical Research Centre of Finland and its first version was published in 2009. 

Today it provides alternative to the pioneering, general purpose Monte Carlo N-Particle (MCNP) code, 

developed by the Los Alamos National Laboratory. Serpent 1 was initially designated to be a simplified 

neutron transport code with main focus to group constant generation for the 2D lattice calculations. 

Nowadays, Serpent 2 has capabilities also for photon transport, fusion neutronics, radiation shielding 

and multi-physics simulations. The code is still under active development. Many features, such as 

methods for uncertainty analyses, are being improved continuously. Serpent uses constructive solid 

geometry (GSC), which satisfies modelling of complicated geometries. 

Serpent was used for criticality calculations and to prepare the homogenized one-group microscopic 

cross sections and burnup matrices for the EQL0D procedure. Even though Serpent is programmed 

with the C language, output data is written in MATLAB-readable format, which simplifies its interface 

with the EQL0D. Black boundary conditions were used in simulations, meaning that neutrons crossing 

outside the reflector were tallied as leaked. This is valid approximation, since probability of a neutron 

to bounce back to the blanket after escaping a wide reflector is negligible. 

4.4 EQL0D 

The EQL0D (Equilibrium Zero) has been developed by the Paul Scherrer Institute to calculate the fuel 

composition and burnup of a liquid fueled reactor. It is written using the MATLAB environment and 

coupled with the Serpent 2. EQL0D is designed to handle fuel evolution over a finite number of steps 

similarly to standard depletion codes, or search for the equilibrium fuel composition directly. With 

current CPUs, burnup equations can be solved rather quickly and computational requirements vary 

depending of the method used for the flux calculation. 

Currently, EQL0D does not have coupling to thermohydraulics. If its effects are considered, one more 

iteration step should be done between the temperature and the flux. This is due to the reactivity 

changes caused by the Doppler broadening and density changes of the fuel salt. Coupling of 

thermohydraulics and neutronics poses similar challenges as burnup calculations, complicating 

computations and making the transport problem non-linear. If information about flow distribution, 

temperature distribution or pressure drop within the core is required, fuel composition is assumed to 

be constant. This is not a scope of EQL0D or other burnup codes. Luckily, steady-state operation (zero 

reactivity) conditions can be assumed, as only long-time behavior of the reactor is under interest. 

Fuel circulation into different flux areas was neglected, as Serpent does not take the fuel flow into 

account. Flowchart of EQL0D procedure is depicted in figure 17 below. Inner iteration loop is colored 

in yellow and outer in blue. In an outer loop, Serpent is called. It prepares homogenized one-group 

cross sections and burnup matrices, and calculates the flux. In an inner loop, a burnup matrix is solved 
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with the 16th order CRAM method. Incomplete LU factorization combined with BiCGSTAB was used for 

the matrix inversion, both methods implemented with built-in MATLAB functions. Processing routine 

is included in the inner loop, as well as redox and criticality control routines. In steps mode, a standard 

constant extrapolation and linear interpolation (CE/LI) predictor-corrector scheme could be used. No 

predictor-corrector nor implicit methods are used in two-fluid reactor computations. 

 

Figure 17 EQL0D Procedure [79] 

Processing Scheme 

Impurities, fission and activation products must be discarded from the core to maintain criticality and 

a proper redox balance. Coefficient matrix 𝑨 can be divided into decay and burnup matrices 𝑫 and 𝑩, 

respectively. Burnup matrix contains all flux induced terms and decay matrix includes only radioactive 

decay terms. Removal of volatile and gaseous FPs by the off-gas system can be accounted by a matrix 

𝚲. It can be written explicitly using the Kronecker delta 𝛿𝑖𝑗: 



70 
 

𝚲= {  0                                               𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
𝛿𝑖𝑗𝝀𝑡𝑜𝑡𝑎𝑙 𝑖𝑓 𝑖∈𝑟𝑒𝑚𝑜𝑣𝑒𝑑 𝑏𝑦 𝑜𝑓𝑓−𝑔𝑎𝑠 

 

Now the change of nuclide concentrations in time can be written as: 

𝑑𝒏

𝑑𝑡
= (𝑩 + 𝑫− 𝚲)𝒏 

Soluble element removal is not described here, as it is not applicable in open fuel cycles. It would 

introduce one extra term similar to 𝚲, which is easy to add if necessary. Two-fluid reactor consist of 

different sections, which must be accounted. A block matrix can be written for a system of the storage 

of feed nuclides 𝑠, the off-gas system 𝑔, the fuel 𝑓 and the blanket salt sections 𝑏 as: 

𝑑

𝑑𝑡

𝒏𝒇

𝒏𝒃

𝒏𝒔

𝒏𝒈

=

[
 
 
 
 
 
 
𝑻𝒇 0 0 0
0 𝑻𝒃 0 0

−
𝑉𝑓

𝑉𝑠
𝑨𝒇 −

𝑉𝑏

𝑉𝑠
𝑨𝒃 𝑫 0

𝑉𝑓

𝑉𝑔
𝚲

𝑉𝑓

𝑉𝑔
𝚲 0 𝑫]

 
 
 
 
 
 
𝒏𝒇

𝒏𝒃

𝒏𝒔

𝒏𝒈

 

in which: 

𝑻𝒇 = 𝑩𝒇 +𝑫− 𝚲+ 𝚬𝐟 

𝑻𝒃 = 𝑩𝒃 +𝑫− 𝚲 + 𝚬𝐛 

, where 𝐄 is addition matrix, which purpose is to conserve the total mass (or other quantity). With 

vector of atomic masses 𝒎 = 𝑚1,𝑚2, … ,𝑚𝑖 one can obtain: 

𝑑𝑀𝑡𝑜𝑡𝑎𝑙
𝑑𝑡

= 𝒎(𝑩 + 𝑫− 𝚲 + 𝐄)𝒏 = 0 

→  𝒎𝑬 = −𝒎(𝑩 + 𝑫− 𝚲) 

Now 𝑬 can be built to fulfill this condition. If the reactor is refueled with feed nuclides 𝑓 ∈ 𝐹 with a 

mass fraction 𝜇𝑓, one can write: 

𝑬𝒊𝒋 = −𝛿𝑖𝑓
𝜇𝑓

𝑚𝑓
∑𝑚𝑘(𝐵𝑘𝑗 + 𝐷𝑘𝑗 − Λ𝑘𝑗)

𝑘

 

Without reactivity control, reprocessing rate is constant in time and the fuel addition is controlled by 

keeping the total amount of all nuclei, actinides or actinides and fission products constant. The amount 

can be either number of atoms or the mass. Controlling should be improved by keeping the total 

volume constant, but chloride salt density data is missing. There is also a basic addition mode, in which 

nuclides are added or removed from the fuel without keeping the mass constant, but it is not applied 

in this study. As discussed in corrosion chapter, a proper redox control strategy is essential. However, 

its implementation is incomplete and not included. 
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5. Results 

In this chapter, different core configurations are evaluated by their neutron economy and achievable 

burnups. At first, relevant salt and material properties are given, and the reactor geometries are 

discussed. Then, a single-fluid case is presented as a reference and compared to two-fluid reactors. 

Calculations of two-fluid reactors proceed as follow: effect of the blanket salt around the fuel salt is 

evaluated in several cases and the best performers are selected to burnup calculations. The refueling 

rate and core sizes are varied and the most practical configurations are proposed. In addition, 

reactivity coefficients and the radiotoxicity of discharged fuel are calculated for these cases. Finally, 

fuel cycle characteristics are compared to current light water reactors. 

Salts and Materials 

Two chloride salts are selected based on previous studies, one containing only uranium and one with 

equal content of uranium and thorium. Relevant salt and structural material properties are presented 

in table 10 and 11 below. Another naturally occurring isotope of chlorine (35Cl) has remarkably large 

neutron capture cross section and therefore 37Cl enrichment is necessary. Pure thorium salt was found 

to be inadequate for the B&B cycle in fast spectrum systems and therefore not considered [5]. 

Table 90 Chloride Salts Used in Calculations  

Fuel Salt* 
Molar Fraction 

[%] 
Melting Point [°C] 

Density [g/cm3] 
(900K) 

Density [g/cm3] 
(1200K) 

NaCl-U3Cl 65-35 500 3.45 3.04 

NaCl-Th4Cl-U3Cl 50-25-25 520 3.57 2.99 

*100% 37Cl enrichment 

Table 101 Materials and Their Densities 

Material Density [g/cm3]  (at 900K) 

Graphite 1.80 
Hastelloy N 8.65 

316 Stainless Steel 8.00 

 

Initial fissile load was provided with transuranics (Np, Pu, Am, Cm), separated from the spent LWR fuel 

at the discard burnup around 45 GWh/ton. The TRU composition is depicted in table 12 below. Discard 

burnup affects to transuranic composition and with higher burnups, heavier transuranic isotopes are 

being produced. 15-20% content of transuranics in the total initial heavy metal load was found to be 

sufficient for a reactor startup. 

Table 112 Initial TRU Composition, Percentages (%) 

237Np 238PU 239Pu 240Pu 241Pu 242Pu 241Am 243Am 244Cm 245Cm 

6.9 1.9 46.5 22.3 1.2 6.8 12.3 1.9 0.1 0.1 

 

Actinide chloride salt mixture densities at different temperatures are not well studied and references 

cannot be found from the literature. Salt density is actually a function of time, because of 

accumulating fission products. Compared to thermal spectrum reactors, fast reactors can 
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accommodate more fission products without decrease in performance. This is because parasitic 

capture of FPs increase at lower neutron energies. Salt mixture densities can be approximated roughly 

with the law of additive molar volumes. This method is used in this work for density calculations. Molar 

fractions of elements are denoted as 𝑥𝑖 and specific volumes as 𝑉𝑖. Only latter is a function of 

temperature and the equation for density is written as: 

𝜌𝑚𝑖𝑥(𝑇) =
∑ 𝑥𝑖𝑚𝑖𝑖

∑ 𝑥𝑖𝑉𝑖(𝑇)𝑖
 

5.1 Geometry Description 

Cylindrical reactor geometry was chosen, since it is modelled widely and results can be compared to 

previous studies. Spherical geometry would slightly decrease the neutron leakage, but design of the 

coolant flow in these systems is more difficult and less studied. In practice, sharp edges disturb fuel 

flow and are avoidable, even though some configurations may perform satisfactory from neutronics 

perspective. Table 13 below presents the most important core parameters. Large cores enable low 

power density and reduce leakages, which both improve the breeding and facilitates B&B operation. 

Table 123 Core Parameters 

Parameter Value 

Thermal Power [MWth] 3000 
Power Density [W/cm3] 12.1 

Core Radius [cm] 350 
Core Height [cm] 646 
Core Volume [m3] 249 

Blanket Volume [m3] 99 
Wall Thickness between salts [cm] 2 

Reflector Thickness [cm] 50 
Core Temperature [K] 900 

Graphite Thickness [cm] 5 (if moderated) 

 

Simplified cylindrical geometry model of a two-fluid reactor was created in Serpent and is depicted in 

figure 18 below. The model consist of the inner fuel salt surrounded by the fertile blanket salt (green 

and yellow sections). A thin wall separates the salts and a reflector (grey colored) surrounds the whole 

system, in order to minimize the neutron leakage. Height to radius ratio of a cylindrical reactor core 

containing the fuel salt is not unity as conventionally, instead ratio of 1.85 was used based on the 



73 
 

approximation of one-group diffusion equation in a homogeneous medium [38]. One-fluid layout was 

created similarly, but without the blanket section between the fuel salt and the reflector.  

 

Figure 18 Serpent Two-Fluid Geometry Model, Side View (left) & Top View (right) 

5.2 Single-Fluid Reference Case 

Core parameters are identical compared to two-fluid layout, only a blanket is absent. As a reflector 

surrounds core immediately, slightly improved reflectivity of neutrons compared to two-fluid layouts 

can be achieved. The time evolution of the effective multiplication factor in the B&B mode for both 

salts is depicted in figure 19 below. Initial deviations from criticality are caused by the criticality control 

scheme, which should be improved in the future. Anyway, both cases are able to sustain breeding and 

could theoretically operate infinitely time. Refueling rate was roughly 4 liters/day (≈180 years to 

process the whole fuel salt inventory). 

 

Figure 19 Equilibrium Multiplication Factor 
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Actinides mass evolution over time are presented in figures 20 and 21 below. For ThU case, numerical 

instabilities are clearly visible. Step length reduction may alleviate the problem, but with the cost of 

highly increased computational time. Another option would be implementation of implicit methods, 

which are unconditionally stable. Nevertheless, we can see that the actinide compositions stabilize 

after 100 hundred years for the U case, and after 150 years for the ThU case. This is due to the fact 

that starting fuel was composed of transuranics, which production is notably smaller in the thorium 

containing salt. Build-up of 233U would take up to a century in a large, low power density core. 

 

Figure 20 ThU Actinide Evolution 

 

Figure 21 U Actinide Evolution 
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Table 14 below depicts cycle characteristics of one-fluid reactors. High equilibrium burnups beyond 

30% are attainable with both fuel salts. Initial TRU load and a fertile material load are slightly smaller 

in uranium only case. Hence, it seems a favorable option by means of efficient resource utilization. 

Table 134 1-Fluid Core Characteristics 

Fuel 
Equilibrium burnup 

[FIMA%] 
TRU load [metric 

tons] 
Fertile load [metric 

tons] 

35U 33.1 73.4 370.4 
25Th25U 31.2 81.1 411.2 

 

Actinide compositions at equilibrium are presented in figure 22 below. Unsurprisingly, a larger amount 

of heavier isotopes is being transmuted in only uranium containing salt. In addition, share of 

transmuted actinides compared to fertile feed nuclei is higher. In ThU salt, the main fissile isotopes 
233U and 239Pu have almost equal content. Rather large share of non-fissile, even neutron number 

isotopes 234U and 240Pu provide proliferation resistance, as the separation of weapon-grade material 

would be exceedingly difficult. 

 
Figure 22 Equilibrium Actinide Composition 

Table 15 below presents average neutron yields per fission. Values are rather large due to very fast 

spectrums. At equilibrium, neutron yields are close to that of main fissile isotopes, 239Pu and/or 233U. 

The former has a clear advantage of a higher neutron yield, as discussed in chapter 1.3. As the initial 

fissile load is provided with transuranics, a clear reduction of neutron yield can be seen in the ThU 

fueled salt. 
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Table 145 Average Neutron Yield (Nubar) per Fission 

Fuel Nubar fresh fuel, (ν) Nubar equilibrium fuel, (ν) 

35U 2.93 2.91 
25Th25U 2.94 2.70 

 

5.3 Two-Fluid Reactors 

A fertile blanket salt affects core neutronics primarily with slightly reduced reflectivity, as the reflector 

is replaced by the blanket. Slightly more neutrons will leak out of the inner core, so either increased 

fissile concentration or larger core is required. However, with large reactor cores, this effect is hardly 

observed. On the other hand, the purpose of the blanket is primarily to capture leaked neutrons from 

the inner, high flux core region, and to transmute fertile thorium or uranium isotopes to their fissile 

counterparts. Blanket reaction rates are rather low and capture can be increased by introducing a 

moderation material. Moderation decreases the neutron leakage in the blanket, since capture cross 

section of fertile nuclides increase with decreasing energies. However, also parasitic capture of fission 

products and other salt constituents increases. 

5.3.1 Blanket Evaluation 

In this work, three different materials are tested: graphite, 316 Stainless Steel (316SS) and Hastelloy 

N. Two latter are not effective moderators, but compatible with highly corrosive molten salts and 

therefore taken into comparison. In addition, they restrict irradiation damage of the reflector. Other 

moderator options are incompatible with molten salts and therefore excluded, as discussed in chapter 

3.5.1. 

Figure 23 below represent neutron capture of the main fertile isotopes232Th and 238U as a function of 

blanket radius. Moderation increases the capture in narrow blankets, but as the blanket gets wider, 

unmoderated cases perform better. This can be explained by differences between the capture and 

the leakage rates. The leakage become negligible in an infinitely wide blanket, and unmoderated case 

performs better. This is due to a higher probability of capture into a fertile nuclei. However, due to 

higher leakage of unmoderated blanket, roughly 80 cm wide blankets are required to increase the 

capture beyond moderated cases. A blanket width of 40 cm was taken into further consideration, as 

its performance compared to unmoderated case seemed superior. 

 

Figure 23 Cumulative 238U (left) and 232Th (right) Capture in the Blanket, Radial Part 
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Figures 24 and 25 below represents capture of the main fertile isotopes in 40 cm wide blankets. In the 

best performing 2-graphite moderator layout, around 30% more captures to fertile isotopes can be 

achieved, compared to the worst performing Hastelloy N. The 316SS has significantly lower nickel 

content compared to Hastelloy N, which explains its clearly better performance. Unfortunately, high 

nickel content alloys are more corrosion resistant than steel alloys in molten salts. Surprisingly, 

unmoderated case performs slightly worse than the 316SS case, but rather low corrosion resistance 

of this alloy reduces its suitability in practice. 

  

Figure 24 Differential and Integral Capture of 238U, U Case 

Captures follow similar trend in the ThU salt, but magnitudes are notably larger. Explaining factors are 

higher fertile material content and higher density of the salt (larger macroscopic capture cross 

sections). In addition, performance differences between different materials are slightly lower in ThU 

salt. In summary, two graphite moderators are the best performers with both salts. They are further 

compared to unmoderated blanket configurations in the burnup calculations. 

 

 

Figure 25 Differential and Integral Capture of 232Th and 238U, ThU Case 
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5.3.2 Impact of the Blanket 

In following, burnup calculations are performed for graphite moderated and unmoderated blankets. 

Refueling rate is varied to obtain equilibrium effective multiplication factor, keff. Blanket volume is 

kept constant in each case, but the core volume is decreased to ascertain reduced core size to sustain 

B&B. At first, time-evolutions of two-fluid reactors towards the equilibrium are considered. Time-

evolution of keff in unmoderated and moderated cases is shown in figures 26 and 27 below. The 

reprocessing rate is same as in one-fluid cases. With ThU salt moderated case performs slightly better 

compared to unmoderated case. Differences are negligible in the uranium only salt. When the fission 

rate per volume is very low, transition to equilibrium may take even up to several hundred years. 

Hence, it cannot be omitted. 

 

Figure 26 Multiplication Factor Evolution in Time, Unmoderated 

ThU salt is able to sustain B&B, but uranium only case becomes subcritical after 500 years. This is due 

to the accumulation of fission products, as discussed later. Corresponding equilibrium burnups are 

38% for the U only and 36% for the ThU case. Numerical scheme became unstable and criticality 

control routine was not able to maintain criticality in two-fluid configurations. Nevertheless, the 

excess reactivity of several decades should be compensated somehow. Part of the fuel could be stored 

outside the core, or alternatively the fertile blanket salt could be mixed with the fuel salt. 
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Figure 27 Multiplication Factor Evolution in Time, Moderated (2*graphite) 

Multiplication factor as a function of equilibrium burnup is depicted in figure 28 below. When it is over 

unity, the reactor is able to sustain B&B and operate infinitely time. With varying refueling rates and 

calculation of corresponding equilibrium burnups, one can obtain following graphs. With varying 

reprocessing rate, a wider range of B&B operation would become possible (uplift of curves). Only 

uranium containing salt provides criticality at the burnups of 26-32 FIMA% and ThU salt at much wider 

range of 22-49 FIMA%. Higher salt and actinide densities explain this difference. 

 

Figure 28 Equilibrium Multiplication Factor, Base Case 
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Effect of the power density on the performance can be seen from the figure 29 below. In principle, 

thorium containing salts are more sensitive to power density variation due to large capture cross 

section of protactinium. A practical upper limit of heat transfer from a primary to a secondary salt loop 

restricts the power density of the MSRs [124]. In addition, irradiation damage in continuous operation 

becomes excessive. Therefore, the reactor vessel should be changed possibly after several decades of 

operation, especially if the power density is high. The material separating the salts is particularly 

vulnerable. If the graphite moderator is used, its shrinkage and subsequent swelling after specific 

neutron fluence restricts its lifespan typically to 6-20 years [125]. With chosen low fissile content salts, 

this high power densities (>100 W/cm3) cannot be reached. Instead, high leakages (rather transparent 

salt) and a low fissile material content restrict our minimum core size. 

 

Figure 249 Effect of the Power Density 

Some fissions occur also in the blanket salt and heat removal from it is necessary. However, power 

density in the blanket is very low, below 1.5 W/cm3 in every case. Blanket’s share of total fissions is 

presented in table 16 below. Moderation of the blanket slightly decreases fissions, since the share of 

captures increases at lower energies. Fission share in the blanket increases towards equilibrium, as 

fissile material is transmuted in the blanket.  

Table 156 Blanket Share of Total Fissions 

Blanket Share of Fissions Fresh Core (%) Equilibrium Core (%) 

U 1.0 3.9 
U moderated 0.7 3.2 

ThU 0.7 3.9 
ThU moderated 0.5 3.5 

 

Equilibrium composition vectors of actinides are presented in figures 30 and 31 below. Uranium-only 

case has a smaller share of the main fertile isotope and correspondingly larger share of transmuted 

actinides. Plutonium isotopes 239 and 240 are by far the most common isotopes, and share of readily 

fissionable americium is also visible. Blanket includes mostly 239Pu and transmutation to higher 
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actinides is negligible. Weapons-grade 239Pu could be separated from the blanket salt, as higher 

plutonium isotopes buildup is very small. Blanket salt reprocessing poses apparent proliferation risks. 

Hence, B&B cycle without salt processing seems preferable. 

 
Figure 30 Actinide Composition, Unmoderated U Case 

ThU fuel salt contains rather even share of 233U and 239Pu, as well as the blanket salt. Share of their 

direct transmutation products 234U and 240Pu in the fuel salt, is around 25-30 %. Minor actinide 

production is slightly smaller compared to uranium-only case, due to the smaller 238U content of the 

salt. Regardless of the salt option, blanket converts around 3-3.5 % of fertile isotopes to their fissile 

counterparts. Protactinium can be hardly observed, since its decay is more probable than its 

transmutation. This is due to the very low power (=flux) density of the blanket. 
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Figure 31 Actinide composition, unmoderated ThU case 

Some neutrons are lost in parasitic captures as can be seen from figures 32 and 33 below. Carrier salt 

constituents and seven most important fission products are included in the charts. Capture of sodium 

in uranium-only case is greater due to its larger share in the salt. Both salts have similar parasitic 

capture profile, but in ThU salt neodymium and samarium have a slightly larger share of captures. In 

fact, observed 9 % difference of the production of these fission products can be explained by a slightly 

different fission yields of 233U and 239Pu. This effect would be more significant with high thorium 

content salts. Substantial difference compared to solid fueled reactors is that the gaseous xenon is 

removed from the core, and is not present in the largest absorbers. 
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Figure 32 Capture of Carrier Salt and Main Fission Products, Unmoderated U Case 

 
Figure 33 Capture of Carrier Salt and Main Fission Products, Unmoderated Thu Case 

Next a discussion about resource utilization is given. Plutonium is produced in current LWRs at around 

250 kg/GWey, and only in France plutonium stockpile is about 300 tons [126]. Share of plutonium in 

transuranics extracted from the LWRs is generally around 75-85%, so one can assume 400 tons of 

accumulated transuranics usable as a starting fuel. Amount of TRU required to start a one 3000 MWth 
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MSR are presented in table 17 below. With the core volume of 85 m3 and ThU salt, over 13 reactors 

could be started by considering the inventories only in France. There is no significant difference 

whether the blanket is moderated or not, so only unmoderated loads are presented. Reprocessing 

rate affects to the transition to equilibrium and the equilibrium composition, but for initial load it has 

no impact. The power density has some impact for required starting inventory, and in principle lower 

power densities enables smaller cores. Absolute actinide masses of the equivalent burnups compared 

to 1-fluid cases are presented in table 17 and 18 below (33% for U, 31% for ThU). 

Table 167 Initial TRU and Fertile Materials, 2-Fluid Cases (Blanket 100 m3) 

 TRU load [metric tons] Fertile load [metric tons] 

Core volume [m3] U salt ThU salt U salt ThU salt 

250 73.6 81.1 547.5 606.8 
150 46.9* 51.2 405.9 450.3 
85 27.0* 29.5 305.7 339.0 

* Unable to B&B at equilibrium 

Table 18 Initial TRU and Fertile Materials, 1-Fluid Cases 

 TRU load [metric tons] Fertile load [metric tons] 

Core volume [m3] U salt ThU salt U salt ThU salt 

250 73.4 81.0 370.4 411.2 
150 46.6* 51.0* 228.7 254.0 
85 - - - - 

* Unable to B&B at equilibrium 

Core volume has a minor effect to the required salt refueling rate, but major impact to the initial 

transuranic load. In the base case, salt is discarded from the core at a rate of 1390 liters/year. As only 

fertile fuel salt is loaded, operation in the B&B cycle requires around 2480 kg/year of 238U, or 1350 

kg/year of thorium and 1390 kg/year of 238U. For comparison, a typical 1000 MWe LWR requires about 

200 ton/year of natural uranium (around 25 ton/year of enriched uranium loaded into the reactor). In 

other words, one LWR consumes roughly as much natural uranium as 80 MSRs. It must be noticed that 

fuel addition was calculated with the fertile feed only, but more realistic fueling by depleted uranium 

would require even less nuclei. Depleted uranium stocks of the US are around 25 950 tons [15]. Only 

with this amount, 200 reactors (3000 MWth each) could be operated continuously for over 50 years. 

5.4 Reactivity Coefficients 

Reactivity coefficients are among of the most important safety parameters concerning the reactor 

design. Total reactivity coefficient must be negative in all circumstances and if condition is not met, 

operation license is prohibited. Solid fueled reactors differs largely from the liquid fueled MSRs, in 

which the most important safety factor is the thermal expansion of the fuel mixture as the 

temperature increases. If temperature increases suddenly, for example due to malfunction of heat 

exchangers, volume of fuel increases and expelled fuel can be drained to the separate container to 

reduce reactivity. The reactivity coefficient α as a function of temperature can be calculated using 

following equation:  

𝛼(𝑡) =
∆𝜌

∆𝑇
=

1

𝑇ℎ𝑖𝑔ℎ − 𝑇𝑙𝑜𝑤
(
1

𝑘𝑙𝑜𝑤
−

1

𝑘ℎ𝑖𝑔ℎ
) =

𝑙𝑛(𝑘ℎ𝑖𝑔ℎ) − 𝑙𝑛(𝑘𝑙𝑜𝑤)

𝑇ℎ𝑖𝑔ℎ − 𝑇𝑙𝑜𝑤
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Table 19 below shows the total reactivity coefficient as the temperature increases from 900 to 1200K. 

In all cases reactivity is sufficiently negative. Compared to uranium, thorium has a higher thermal 

expansion and hence larger safety margins. In addition, actinide chloride salts have generally larger 

thermal expansion compared to carrier NaCl salt and high actinide content salts provide more negative 

reactivity coefficients. Reactivity coefficients were calculated with Serpent by changing the 

temperature of the cross-section libraries and with new salt densities. Other reactor coefficients, such 

as boron coefficient or pressure coefficient, are eliminated completely or are negligible (no boron 

dilution in the salt and a low operating pressure). In equilibrium cores, reactivity coefficients are 

notably larger due to the Doppler broadening and increased capture of fission products. 

Table 19 Reactivity Coefficients of the Salts 

 Fresh core Equilibrium core 
Unmoderated   

U -5.0 pcm/K -6.8 pcm/K 
ThU -7.2 pcm/K -9.0 pcm/K 

Moderated   

U - 5.1 pcm/K -7.0 pcm/K 
ThU - 7.1 pcm/K -8.9 pcm/K 

Large reactivity insertions are not attainable in the liquid fueled reactors. They are able to operate 

with very little excess reactivity due to continuous refueling. Control rods may be completely absent 

or present only for the immediate shutdown. Molten salt reactors provide inherent safety, even 

though their kinetic behavior is complex. 

5.5 Spent Fuel Properties 

Properties of the discharged fuel must be considered from the safety and sustainability perspective. 

Decay heat production determines minimum intermediate storage times. When the internal heat 

production decreases enough, final repository becomes possible. Around 90% of the fission products 

reach a stable nuclei within a month of their birth from fission, which explains prompt decrease of the 

radioactivity of the discarded fuel. In the fast spectrum breed and burn MSRs, decay heat production 

after fuel discard is rather large due to a high fission product content. 

Another important parameter is the radiotoxicity of the spent fuel. It represents the source term for 

calculations, in case of radioactive material is accidentally released to the environment. Radiotoxicity 

quantify the impact to population, if the waste is contacted among them. Toxicity depends of the way 

of exposure, for example to the skin, by inhalation or intake with nutrition and water. Short-lived 

fission products contribute to the radioactivity of the first centuries. Decay chain of actinides becomes 

dominant in longer time scales, which mostly determines the long-time radioactivity. Figure 34 

compares radiotoxicity of the spent fuel without and with reprocessing. Rather conservative 

reprocessing efficiency of 95% for all actinides was assumed. 

Actinide separation means closed cycle technology and is therefore not applicable for B&B reactors. 

However, it must be noted that starting the reactor requires separated transuranics, which can be 

efficiently utilized by the MSR. This in turn, would decrease the long-time radioactivity of LWR spent 

fuel. 
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Figure 34 Radiotoxicity of Discarded Fuel 

Significant amount of radionuclides escape the reactor during operation. Volatile noble gases tend to 

escape the system even without helium bubbling and some metals are precipitated out. Both can be 

stored in the off-gas system, which radiotoxicity after shutdown is depicted in figure 35 below. 

Radiotoxicity decreases rapidly after one hundred year and stays significantly lower compared to the 

discarded, unprocessed fuel. Short-term radioactivity and thus radiotoxicity is very high mainly due to 

short-lived krypton and xenon isotopes (T1/2 from minutes to several hours, except 85Kr half-life of 

10,76 years). Radiotoxicity of the off-gas system is significant during the reactor operation. One of the 

major engineering challenges is to design reliable containment and monitoring systems. Gaseous 

substances would be released readily in case of any leakages and require thorough risk analysis. 

However, design of off-gas systems is still in infancy and requires extensive research work. 

 

Figure 35 Radiotoxicity of the Off-Gas System 
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6. Conclusions 
 

This study aimed to prove the feasibility of a liquid fueled molten salt reactor, operating with a breed 

and burn fuel cycle. From neutronics perspective, selected chloride salt mixtures were proved to be 

suitable for their respective fast spectrum systems. Operating times beyond 500 years were found to 

be possible only with gaseous and insoluble fission product removal, without the necessity of 

controversial spent fuel reprocessing. Reactor cores from actinide burners to breeders were possible 

with varying on-line refueling rates. Transuranic elements from the spent LWR fuel were suitable for 

providing initial fissile load for reactor startup. Using this arrangement, the amount of long-lived 

actinides in the final repository could be reduced significantly. 

In comparison with one-fluid layouts, two-fluid reactors pose more evident proliferation risks. 

Weapons-grade 233U or 239Pu could be obtained from the lower burnup blanket section, which is not 

possible in one-fluid systems. Another drawback of a two-fluid reactor is a higher fertile material 

requirement, as the blanket may double the initial fertile isotope inventory. If the main goal is to burn 

transuranics, two-fluid layout isn’t preferred option due to its more complex structure and larger size. 

On the other hand, two-fluid layouts improve performance and slightly higher burnups close to 50% 

are achievable. From a sustainability perspective, both configurations perform significantly better 

compared to LWRs and uranium resources are utilized far more effectively (from <1% up to 40%). 

Neutron economy must be maximized in breeder reactors, which may justify more complex designs 

of two-fluid reactors. 

Blanket salt moderation had a rather small impact on performance and it provided marginal gains in 

thorium-uranium salt. In uranium-only case, performance was not improved, even though small 

improvements may be attainable by further optimization of the moderator geometry. With narrow 

blankets, moderation increases total capture and thus fissile material conversion, and leakages are 

reduced. In practice, vast resources of fertile material may favor the use of wider blankets, in which 

leakages are much lower. Graphite is the only suitable moderator material in a liquid fueled MSR, but 

drawbacks are its durability issues and the more complex structure of a moderated reactor. Therefore, 

fully unmoderated configurations are encouraged by this study. 

The EQL0D procedure could be improved in several ways. Time-dependent fuel feed could be added 

to the fuel reprocessing routine for criticality control. Draining part of the fuel salt out of the core to 

control reactivity would be alternative way for control. Redox control could be developed further to 

ensure the solubility of the actinides involved, and to prevent corrosion. The whole model requires 

validation against experimental data, which unfortunately does not exist for chloride salts. In addition, 

the procedure itself is not user-friendly. For example, neither manual nor input explanatories exist, 

and code comments are scarce. To develop the procedure further, these factors must be addressed 

promptly. Lastly, implementation in some generic programming languages, such as C or Fortran, 

would provide useful tools for users and any future development. 

Kinetic behavior needs to be studied more closely to ensure a safe operation. Computation tools used 

in this study excluded delayed neutrons, which have a profound impact on kinetic behavior of the 

system. Thermohydraulics, which may affect certain operational and safety parameters, such as 



88 
 

reactivity coefficients, were omitted as well. Complex coupling of thermodynamics and neutronics in 

the MSR requires alternative tools compared to conventional reactor design tools. 

Safety studies of the MSRs are emphasized on preventing severe accidents, and the possibility of 

smaller incidents is not well studied yet. For example, gaseous fission products are released 

continuously during operation, which poses remarkable radiological risks. However, the development 

of reliable and efficient off-gas systems is still in infancy. Molten salt chemistry, high temperature and 

corrosion resistant materials require significant development as well. Substantial uncertainty is still 

related to chloride salt mixtures and their properties. Importantly, the solubility of fission products 

must be studied, as well as redox chemistry of the salt mixture. In addition, melting points and 

densities of chloride salt mixtures require further measurements. 

Finally, further technological evaluation must be done and some engineering issues ought to be solved 

before the commercialization of the MSR technology. However, technical problems constitute only a 

part of the picture, and other aspects must be considered. Uranium prices are low due to a large 

production overcapacity, which reduces interest for capital investments of new reactor types. 

Financial support is needed to preserve research work in the field, and to develop the most promising 

concepts further. One of the main challenges is to create an adequate regulatory framework, which is 

not developed to support radically different reactor types, such as liquid fueled MSRs. Albeit political 

uncertainty reduces ambitions to invest in costly pilot plants, further prototypes are required to prove 

the MSR technology in practice and to validate the models and computation tools. 
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