
 

 
 

IAEA REPORT 2008 
 
 
 
 
 
 

NEUTRONICS DESIGN AND EVALUATION OF THE FBNR 
 
 
 
 
 
 
 

Submitted to the  
INTERNATIONAL ATOMIC ENERGY AGENCY 

Contract No. 12960/R3 
 
 
 

Principal investigator 
Farhang Sefidvash 

 
 
 

Collaborators 
Ioannes Paulus Bohn Tessaro 
Marcelo Leocaldi Coutinho 

Robson Silva da Silva 
Tomas Matela 

 
 
 
 

Federal University of Rio Grande do Sul 
Porto Alegre, Brazil 

 
 
 
 

http://www.sefidvash.net/fbnr   
farhang@sefidvash.net  



   
 

CONTENT 

 

ABSTRACT............................................................................................................................... 4 

1. INTRODUCTION ............................................................................................................ 6 

2. FBNR NUCLEAR REACTOR ........................................................................................ 6 

2.1 Reactor Description.................................................................................................. 6 
2.2 Characteristics of the reactor.................................................................................. 10 
2.3 Fuel Element Description....................................................................................... 14 

3. NEUTRONICS CALCULATIONS............................................................................... 15 

3.1 SCALE Computational Codes............................................................................... 15 
3.2 Cell Calculations.................................................................................................... 16 
3.3 Benchmarking with CERMET Fuel ....................................................................... 17 
3.4 Standard FBNR Reactor Calculations.................................................................... 18 
3.5 Reactivity Contribution of Each Reactor Part........................................................ 20 
3.6 Reactivity as a Function of Core Height, Enrichment and Boron Concentration..22 
3.7 Sensitivity of Reactivity to Reactor Height............................................................ 23 
3.8 Moderator Temperature Coefficient....................................................................... 27 
3.9 Doppler Effect ........................................................................................................ 28 
3.10 Effect of Moderator Density on Reactivity ............................................................ 29 
3.11 Burnup Calculations............................................................................................... 30 
3.12 Reactor Start Up and Shut Down........................................................................... 33 
3.13 Reactor Safety: Accident Conditions..................................................................... 34 

3.13.1 The loss of coolant accident (LOCA) ............................................................................. 34 
3.13.2 The loss of flow accident (LOFA)................................................................................... 35 
3.13.3 The loss of power accident ............................................................................................. 35 
3.13.4 The loss of turbine load or secondary loop break accident............................................ 35 
3.13.5 The terrorist attack......................................................................................................... 35 

3.14 Plutonium Utilization............................................................................................. 35 
3.15 Thorium Utilization................................................................................................ 38 

4. THERMOHYDRAULICS CALCULATIONS OF FBNR............................................. 40 

4.1 Pressure loss calculations....................................................................................... 41 
4.2 Thermal Calculations............................................................................................. 46 

4.2.1 Basic data....................................................................................................................... 46 
4.2.2 Fuel surface temperature calculation............................................................................. 47 
4.2.3 Temperature distribution in the fuel ............................................................................... 49 
4.2.4 Calculation of critical heat flux and boiling regime...................................................... 50 
4.2.5 Temperature behavior as a function of time................................................................... 51 

5. ASSESSMENT OF FBNR USING INPRO METHODOLOGY ................................... 55 

5.1 Background ............................................................................................................ 55 
5.2 Objective................................................................................................................ 56 
5.3 Scope...................................................................................................................... 56 
5.4 Description of the Assessed Nuclear Energy System ............................................ 57 
5.5 Fixed Bed Nuclear Reactor – FBNR...................................................................... 57 



 

 

5.6 Reference Reactor – Angra 2 ................................................................................. 58 
5.7 Summary Result of the Assessment ....................................................................... 59 

5.7.1 General considerations .................................................................................................. 59 
5.7.2 Safety of FBNR............................................................................................................... 59 
5.7.3 Proliferation resistance of FBNR................................................................................... 62 
5.7.4 Global consideration:  Judgment on the potential of the INS based on FBNR.............. 64 

5.8 Feedback from the Application to the INPRO Methodology ................................ 64 
5.8.1 General considerations .................................................................................................. 64 
5.8.2 Feedback from the assessment of FBNR reactor............................................................ 64 

5.9 R&D Proposals and Institutional Measures for Further Improvement of the 
Assessed INS...................................................................................................................... 65 

5.9.1 General considerations .................................................................................................. 65 
5.9.2 R&D proposals for FBNR reactor.................................................................................. 65 
5.9.3 Enabling technologies and their development status..................................................... 65 
5.9.4 Status of R&D and planned schedule............................................................................. 66 

5.10 Conclusions and Recommendations....................................................................... 67 
5.11 INS based on FBNR reactor................................................................................... 67 
5.12 Conclusions and recommendations regarding the INPRO methodology............... 67 
5.13 Conclusions and recommendations regarding future R&D ................................... 68 

6. APPENDIX I: Description of the Reference Reactor – Angra 2.................................... 68 

I.1. Existing reference reactor – Angra 2 ........................................................................... 68 
I.2. Description of the nuclear systems.............................................................................. 69 
I.3. Containment description.............................................................................................. 79 
I.4. Description of turbine generator plant systems ........................................................... 81 
I.5. Instrumentation and control system............................................................................. 82 
I.6 Safety concept ............................................................................................................... 84 

7. ANNEX I: Criteria on Safety (FBNR) ........................................................................... 86 

8. ANNEX II: Criteria on Proliferation Resistance (FBNR) .............................................. 95 

9. ANNEX III:  World Nuclear Energy Company (WONEC)........................................... 99 

10. ANNEX IV: Isotope Production................................................................................... 101 

11. REFERENCES............................................................................................................. 101 

12. ACKNOWLEDGEMENT............................................................................................ 110 



   
 
 

 

NEUTRONICS DESIGN AND EVALUATION OF THE FBNR 
 
 
F. SEFIDVASH,  I.P.B. TESSARO, M. L. COUTINHO, R. S. SILVA, T. MATELA. 

 
Federal University of Rio Grande do Sul, Porto Alegre, Brazil.   
farhang@sefidvash.net, http://www.sefidvash.net/fbnr  
 

ABSTRACT 
 
The Fixed Bed Nuclear Reactor (FBNR) is an innovative small nuclear reactor (70 MWe) 
being developed with the IAEA support.  The reactor is evaluated by the INPRO 
Methodology in respect to safety and non-proliferation aspects.  The inherent safety and fool 
proof non-proliferation characteristics of the reactor are demonstrated. 
 
The CERMET fuel is proposed for the FBNR reactor.  The fuel consists of coated UO2 
kernels embedded in a zirconium matrix which is then coated with a protective outer 
zirconium layer.  The 15 mm diameter spherical fuel elements are transported up into the 
reactor by the flow of water coolant creating a suspended core in the reactor.   It is seen that in 
the operating condition of the 70 MWe reactor, the fuel elements are held together with a 
pressure of about 0.2 bar and the force on them is more than 27 times the force of gravity, 
thus guarantees the bed to remain as a fixed bed during the reactor operation. 
 
The operating condition of the 70 MWe reactor corresponds to the coolant flow velocity of 
7.2 m/s.  The terminal velocity being the minimum coolant velocity to carry the fuel elements 
into the core is 1.5 m/s.  The maximum flow velocity above which the reactor operation 
becomes impractical is of 25 m/s. 

   
The inlet and outlet temperatures of coolant in the core are 290 C and 326 C corresponding to 
enthalpies of 1283 and 1489 KJ/Kg giving an enthalpy rise of 206 KJ/kg.  The mass coolant 
rate at the operating condition is 1060 Kg/s corresponding to a coolant velocity of 7.23 m/s, 
thus the reactor produces a thermal power of 218.4 MWt corresponding to an electric power 
of 70 MWe.  
 
Any signal from any of the detectors, due to any accident event, will cut-off power to the 
pump, causing the fuel elements to leave the core and fall back into the fuel chamber where 
they remain in a highly subcritical and passively cooled conditions. The fuel chamber is 
cooled by natural convection transferring heat to the water in the tank housing the fuel 
chamber.  In this condition the accumulator valves, acting under pressure difference, will 
open automatically and the fuel chamber cooling tank becomes filled with cold water.   
 
The critical core height is about 200 cm.  The core height can be changed by the Core Height 
Level Limiter (CHLL).  The largest effect of CHLL is 0.37 mK/Cm at the beginning of cycle 
(BOC) and decreases to 0.059 mK/Cm at the end of cycle (EOC).  The effect of soluble boron 
in the moderator is 0.039 mK/ppmB at the BOC.  The 200 cm height reactor with 2900 ppmB 
has Ke=0.99160 and with 2700 has Ke=0.99981.   
 



   
 
 

 

It is seen that the moderator coefficient for 3000 ppm is still negative being -3x10-4 mK/C.   
The Doppler coefficient for 3000 ppm boron is  -6x10-5 mK/ ºC.  It is seen that each percent 
of fuel enrichment contribute to 281 days [5627 MWD/T] of the fuel lifetime. 
 
In the case of a Loss of Coolant Accident (LOCA), the pressure in the reactor core drops and 
consequently the fuel elements fall out of the core and enter the fuel chamber where they 
remain under subcritical and passively cooled conditions.  The heat transfer calculations show 
that their temperature will not exceed ~ 542 ºC and only less than 1 m3 of water from 
accumulator is necessary to evaporate during one month of grace period.   
 
The Loss of Flow Accident (LOFA) will be a more favorable accident condition than the 
LOCA.  Again the fuel elements due to the lack of coolant flow will fall back into the fuel 
chamber where they remain under  subcritical and passively cooled conditions. There is no 
need for cooling water from accumulator to flow in, and the coolant in the loop will absorb 
the residual heat increasing its temperature by only less than 1°C. 
 
The loss of power simply shuts down the pump and the reactor condition will be equivalent to 
a LOFA case. 
 
The loss of turbine load or secondary loop break accident will cause the temperature of the 
cold leg of the pump increase and thus the control system will shut down the pump.  Also the 
bubbles formed in the core decrease the moderator density thus due to the negative moderator 
coefficient, (- 350 mK/(g/cm3)) , the reactor becomes subcritical.  
 
The worst condition that any terrorist action can produce will be similar to the LOCA 
condition.  What is needed will be to protect the fuel chamber physically within a robust 
structure.  
 
As a result of massive reductions in deployed nuclear warheads, and their subsequent 
dismantlement, large quantities of surplus weapons- grade plutonium will be available.  The 
use of Pu fuel in the FBNR reactor is studied and found to have a similar behavior to uranium 
fuel. 
 
World thorium reserves are estimated to be about 3 times more abundant than the natural 
uranium reserves. Utilization of thorium for FBNR has been studied.  It is seem that will 
enhance the non-proliferation characteristic of the FBNR reactor.  
 
The limit of the reactor power is not dependent on the design temperatures but on the percent 
of pump power consumption.  The standard reactor is chosen to be 70 MWe where about 3% 
of power is consumed by the pump.  One can have a maximum 165 MWe reactor should we 
accept that  34 % of generated power goes to power the pump.  Above this reactor size, the 
required pump power will exceed the additional energy produced by the reactor and thus the 
system become unproductive.   
 
The 200 cm height core has 4.78 m3 volume and contain 2.87 m3 fuel that corresponds to 
1.62 millions of spherical fuel elements.  The volumetric heat generation is 76.10 w/cm3 or 
134.40 watts per sphere.  Each fuel element having 7.4 g of UO2 contain 6.52 g of uranium 
metal.  
 



   
 
 

 

Under normal operating condition, the temperature of the fuel surface is 357.7 °C corresponds 
to the temperature of 414.3 °C at fuel centre giving a temperature difference of 56.6 °C.   The 
critical heat flux is found to be  2290 kW/m².  
 
   

1. INTRODUCTION 
 
The Fixed Bed Nuclear Reactor (FBNR) is being developed under the IAEA Coordinated 
Research Project (CRP) on Small Reactors Without O-site Refuelling (SRWOR) [IAEA 
Research Contract No. 12960/ Regular Budget Fund (RBF)].  
 
The Small Reactors without On-Site Refuelling are defined by the IAEA as “Reactors which 
have a capability to operate without refuelling and reshuffling of fuel for a reasonably long 
period consistent with the plant economics and energy security, with no fresh and spent fuel 
being stored at the site outside the reactor during its service life. They also should ensure 
difficult unauthorized access to fuel during the whole period of its presence at the site and 
during transportation, and design provisions to facilitate the implementation of safeguards. In 
this context, the term “refuelling”  is defined as the ´removal and/or replacement of either 
fresh or spent, single or multiple, bare or inadequately confined nuclear fuel cluster(s) or fuel 
element(s) contained in the core of a nuclear reactor`. This definition does not include 
replacement of well-contained fuel cassette(s) in a manner that prohibits clandestine diversion 
of nuclear fuel material“ . 
 
The FBNR intended to be simple in design, inherent safety, passive cooled, proliferation 
resistant, and with reduced environmental impact. 
 
 

2. FBNR NUCLEAR REACTOR 
 

2.1 Reactor Description 
 
The Fixed Bed Nuclear Reactor (FBNR) is a small reactor (70 MWe) without the need of on-
site refueling.  It utilizes the PWR technology.  It has the characteristics of being simple in 
design, inherent safety, passive cooling, proliferation resistant, and reduced environmental 
impact.    

The FBNR fuel chamber is fuelled in the factory. The sealed fuel chamber is then transported 
to and from the site. The FBNR has a long fuel cycle time and there is no need for onsite 
refuelling. The reactor makes an extensive use of PWR technology.  It is an integrated 
primary system design.  

The reactor as shown in the schematic figure, have in its upper part the reactor core and a 
steam generator and in its lower part the fuel chamber.  The core consists of two concentric 
perforated zircaloy tubes of 31 cm and 171 cm in diameters, inside which, during the reactor 
operation, the spherical fuel elements are held together by the coolant flow in a fixed bed 
configuration, forming a suspended core. The coolant flows vertically up into the inner 



 

 

perforated tube and then, passing horizontally through the fuel elements and the outer 
perforated tube, enters the outer shell where it flows up vertically to the steam generator. The 
reserve fuel chamber is a 60 cm diameter tube made of high neutron absorbing alloy, which is 
directly connected underneath the core tube. The fuel chamber consists of a helical 40 cm 
diameter tube flanged to the reserve fuel chamber that is sealed by the national and 
international authorities.  A grid is provided at the lower part of the tube to hold the fuel 
elements within it.  A steam generator of the shell-and-tube type is integrated in the upper part 
of the module. A control rod can slide inside the centre of the core for fine reactivity 
adjustments. The reactor is provided with a pressurizer system to keep the coolant at a 
constant pressure. The pump circulates the coolant inside the reactor moving it up through the 
fuel chamber, the core, and the steam generator. Thereafter, the coolant flows back down to 
the pump through the concentric annular passage. At a flow velocity called terminal velocity, 
the water coolant carries the 15 mm diameter spherical fuel elements from the fuel chamber 
up into the core.  A fixed suspended core is formed in the reactor. In the shut down condition, 
the suspended core breaks down and the fuel elements leave the core and fall back into the 
fuel chamber by the force of gravity.  The fuel elements are made of UO2 micro spheres 
embedded in zirconium and cladded by zircaloy.  

Any signal from any of the detectors, due to any initiating event, will cut-off power to the 
pump, causing the fuel elements to leave the core and fall back into the fuel chamber, where 
they remain in a highly subcritical and passively cooled conditions. The fuel chamber is 
cooled by natural convection transferring heat to the water in the tank housing the fuel 
chamber.   

The pump circulates the water coolant in the loop and at the mass flow rate of about 220 
kg/sec, corresponding to the terminal velocity of 1.50 m/sec in the reserve fuel chamber, 
carries the fuel elements into the core and forms a fixed bed.  At the operating flow velocity 
of 7.23 m/sec, corresponding to the mass flow rate of 1060 kg/sec, the fuel elements are 
firmly held together by a pressure of 0.188 bars that exerts a force of 27.1 times its weight, 
thus forming a stable fixed bed.  The fixed bed is compacted by a pressure of 1.3 bars.  The 
coolant flows radially in the core and after absorbing heat from the fuel elements enters the 
integrated heat exchanger of tube and shell type. Thereafter, it circulates back into the pump 
and the fuel chamber.  The long-term reactivity is supplied by fresh fuel addition and possibly 
aided by a fine control rod that moves in the center of the core controls the short-term 
reactivity.  A piston type core limiter adjusts the core height and controls the amount of fuel 
elements that are permitted to enter the core from the reserve chamber.  The control system is 
conceived to have the pump in the “not operating”  condition and only operates when all the 
signals coming from the control detectors simultaneously indicate safe operation.  Under any 
possible inadequate functioning of the reactor, the power does not reach the pump and the 
coolant flow stops causing the fuel elements to fall out of the core by the force of gravity and 
become stored in the passively cooled fuel chamber.  The water flowing from an accumulator, 
which is controlled by a multi redundancy valve system, cools the fuel chamber functioning 
as the emergency core cooling system.  The other components of the reactor are essentially 
the same as in a conventional pressurized water reactor. 

 

 



 

 

 

FIG. �2.1.1. Schematic design of FBNR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 
FIG. �2.1.2. Design of FBNR 

 
 
 
 



 

 

2.2 Characteristics of the reactor 
 

Table 2.2.1 shows a summary of the requirements of a small reactor without on-site refuelling 
and their applicability to FBNR.  Detailed technical information is presented in Table 2.2.1. 
 
 
TABLE 2.2.1.SUMMARY OF THE REQUIREMENTS AND THEIR APPLICABILITY TO FBNR. 

Requirement Demonstration of applicability 

Small in size FBNR is small in nature.  The optimum size for the FBNR is 70 MWe.  The 
larger size up to a maximum of 165 MWe can be achieved only at the cost 

of a lower thermodynamic efficiency. 
 

Modular The reactor is modular in design. The modular aspect of the reactor leads to 
the mass production processes resulting in better economy and higher 

quality products. 
 

No need for on-site 
refuelling 

Each module is fuelled in the factory. The fuelled modules in sealed form 
are then transported to and from the site. The FBNR has a long fuel cycle 

time and, therefore, there is no need for on-site refuelling. 
 

Proven Technology FBNR makes an extensive use of a proven technology namely the PWR. 
 

Diversity of 
applications 

The FBNR is a land-based nuclear power plant for urban or remote 
localities.  The FBNR is designed to produce electricity alone or to operate 

as a co-generation plant producing electricity and desalinated water or steam 
for industrial purposes. As another option, the FBNR may be designed for 

district heating. 
 

Refuelling in the 
factory 

No refuelling on the site is needed because the fuel elements are contained 
in the fuel chamber and transported to the factory for refuelling under 

surveyed condition.  Refuelling is done by the replacement of fuel chamber. 
 

Long fuel cycle time. The length of the fuel cycle is flexible and depends on the economic 
analysis of the fuel inventory and its enrichment for particular situation of 
the reactor and its application.  The replacement of fuel chamber can easily 

be done at any desired time interval. 
 

No fuel reshuffling No reshuffling of fuel is necessary because the fuel elements go from fuel 
chamber to the core and vice versa without the need of opening the reactor. 

 
No fresh fuel storage 

on site 
There is no need for fresh fuel to be stored at the reactor site since the sealed 
fuel chamber is transported to and from the factory where refuelling process 

is performed. 
 

Short period of spent 
fuel storage on site. 

The spent fuel that are confined in the fuel chamber and kept cooled by its 
water tank.  It can be sent back to the factory at any time when the 

radiological requirements are met. 
 

Inaccessibility of fuel 
to unauthorized 

Individuals. 

No unauthorized access to the fresh or spent fuel is possible because the fuel 
elements are either in the core or in the fuel chamber under sealed 

condition; therefore, no clandestine diversion of nuclear fuel material is 



 

 

possible. 
 

High fabrication 
quality & economy. 

The FBNR is shop fabricated thus it guarantees the high quality fabrication 
and economic production process. 

 
Easy transportation The reactor is about 3 m in diameter and 9 m high, while its fuel chamber is 

only 3 m in diameter and 3 m high, thus the transportation to the site and 
return is very easy and convenient. 

 
Easy dismantling The reactor loop being made of relatively small components, at the end of 

its useful lifetime, the reactor can be dismantled and even disposed of in one 
piece with simplicity. 

 
Reduced number of 
operators required. 

The reactor can be operated with a reduced number of operators or even be 
remotely operated without any operator on site.  This is possible due to the 
inherent safety characteristics of the reactor as the reactor operates when all 

the operating parameters are within the designed ranges.  In any other 
situation, the electricity does not reach the pump to operate the reactor and 
the fuel elements will fall out of the core by the force of gravity and enter 
the fuel chamber where they remain under highly subcritical and passively 

cooled conditions. 
 

Simplicity & 
economy 

The simplicity of the design and the lack of complicated control system, 
make the reactor highly economic. 

 
Simple infrastructure The infrastructure needed for the plant using FBNR is a minimum.  The 

important processes are performed in the shop that can be done in a regional 
centre serving many reactors. 

 
Underground 

containment and 
environment 

The inherent safety and passive cooling characteristics of the reactor 
eliminate the need for containment.  However, an underground containment 

is envisaged for the reactor to mitigate any imagined adverse event.  The 
main objective is to hide the industrial equipments underground and present 

the nuclear plant as a beautiful garden compatible with the environment 
acceptable to the public. 

 
Utilization of spent 
fuel, nuclear waste 
and environment. 

The spent fuel from FBNR is in a form and size (1.5 cm diameter spheres) 
that can directly be used as a source of radiation for irradiation purposes in 
agriculture and industry.  Therefore, the spent fuel from FBNR may not be 

considered as waste as it has useful applications.  They may also be 
reprocessed after their use as radiation source. Should reprocessing not be 
allowed, the spent fuel elements can easily be vitrified in the fuel chamber 
and the whole chamber be deposited directly in a waste repository.  These 

factors result in reduced adverse environmental impact. 
 

High conversion ratio 
 

The moderator to fuel volume ratio of FBNR is about 0.7-0.8, compared to 
1.8-2.0 for a conventional PWR.  Thus, the neutron spectrum in the FBNR 
is harder resulting in a higher conversion ratio than the 0.55 for PWR that 

may be about 0.7-0.8.  It may permit using MOX fuel, even in the beginning 
of the fuel cycle without needing enriched uranium, resulting in a higher 

conversion ratio. 
 

High level of safety Strong reliance on inherent and passive safety features, and passive systems. 



 

 

 
Fool proof nuclear 
non-proliferation 

characteristic. 

The non-proliferation characteristics of the FBNR are based on both the 
extrinsic concept of sealing and the intrinsic concept of isotope denaturing.  
Its small spherical fuel elements are confined in a fuel chamber that can be 
sealed by the authorities for inspection at any time.  Only the fuel chamber 
is needed to be transported from the fuel factory to the site and back.  There 

is no possibility of neutron irradiation to any external fertile material.  
Isotopic denaturing of the fuel cycles either in the U-233/Th or Pu-239/U 

cycle increases the proliferation resistance substantially.  The use of thorium 
based fuel will also contribute to this end. Therefore, both concepts of 
“sealing”  and “ isotope denaturing”  contribute to the fool proof non-

proliferation characteristics of FBNR. 
 

Enhanced safeguard 
ability 

Fuel elements are confined in the fuel chamber that could be sealed by 
authorities for inspection at the end of the fuel life or at any time. The 

reactor vessel is cladded by neutron-absorbing materials to eliminate the 
possibility of neutron irradiation of any external fertile material. 

 
Technology transfer The technology could be open to all nations of the world under the 

supervision and control of international authorities. 
Enhanced safety Reactivity excursion accident cannot be provoked. The reactor core is filled 

with fuel only when all operational conditions are met. 
 

Mitigation of steam 
generator leakage 

problem 

The water heated in the reactor core passes through an integrated steam 
generator producing steam to drive the turbine. 

Reduced adverse 
environmental impact 

Underground containment in a garden like site. 

Long core lifetime Insertion of fresh fuel into the core combined with reducing boron 
concentration in the moderator is performed continuously to compensate for 

fuel burn-up. 
 

Resistance to 
unforeseen accident 

scenarios. 

Any probable accident, through cutting off the power to the pump, causes 
the fuel elements fall out of the core driven by the force of gravity.  The 

normal state of control system is “switch off” . The pump is “on”  only when 
all operating conditions are simultaneously met. 

 
Low fuel temperature A heat transfer analysis of the fuel elements has shown that, due to a high 

convective heat transfer coefficient and a large heat transfer surface to 
volume ratio, the maximum fuel temperature and power extracted from the 
reactor core is restricted by the mass flow of the coolant corresponding to a 

selected pumping power ratio, rather than by temperature limits of the 
materials. 

 
Dual purpose plant The FBNR can operate within a cogeneration plant producing both 

electricity and desalinated water. A Multi Effect Distillation (MED) plant 
may be used for water desalination. An estimated 1000 m3/day of potable 

water could be produced at about 1 MWe reduction of the electric power.  It 
may also produce hot water for district heating. 

 
Low capital 
investment 

The simplicity of design, short construction period, and an option of 
incremental capacity increase through modular approach result in a much 

smaller capital investment. 



 

 

 
 
 
 
TABLE 2.2.2. TECHNICAL DATA FOR THE FIXED BED NUCLEAR REACTOR (FBNR) 

Parameter Value  Parameter Value 

Power 
   

Coolant temperature rise after a 
LOFA after 10 days (ºC) < 1 

Net power generation (MWe) 70 
 

Water needed to cool during 10 
days after LOCA (m³) 0.9 

Thermal power generation (MWt) 218  Neutronics   

Core power density (KWt/lit) 45.6  
Moderator Coefficient (mK/°C)-
BOC -3x10-4 

Pump power (MWe) 2  
Moderator Coefficient (mK/°C)-
EOC -8x10-4 

Pump power fraction (%) 2.8  
Doppler Coefficient (mK/°C) - 
BOC -6x10-5 

Hydraulics    Doppler Coefficient (mK/°C) - EOC -7x10-5 

Coolant volume (m³) 10 
 

Core height level limiter (CHLL) 
Sensitivity (mK/cm) - BOC 0.37 

Coolant mass flow (kg/sec) 1060 
 

Core height level limiter (CHLL) 
Sensitivity (mK/cm) - EOC 0.059 

Coolant pressure (bar) 160  Boron Sensitivity (mK/ppm) – BOC 0.039 

Pressure loss in the loop (bar) 12.3  Boron Sensitivity (mK/ppm) – EOC 0.080 

Pressure loss in the bed (bar) 1.3  Fuel Burnup [MWD/T  /  Years] 15300 / 
2.2 

Terminal velocity (m/sec) 1.5  Plutonium Production (Kg) 62 

Operating coolant velocity (m/sec) 7.23  Remaining U-235 (Kg) 340 

Thermal    Core dimensions   
Coolant inlet temperature (ºC) 290  Core height (cm) 200 

Coolant outlet temperature (°C) 326  Core inner diameter (cm) 31 

Coolant average temperature (°C) 308  Core outer diameter (cm) 171 

Fuel operating temperature (°C) 354  Core volume (m³) 4.78 

Coolant inlet enthalpy (kJ/kg) 1284  Fuel Element in the core (Ton) 23.2 

Coolant inlet density (kg/m3) 747  UO2 in the core (Ton) 11.5 

Coolant average density (Kg/m3) 710  Fuel element   

Enthalpy rise in the core (kJ/kg) 1490  Fuel element diameter (cm) 1.5 
Film boiling convective heat transfer 
coefficient at 300 ºC ( W/m² ºC) 454  Zircaloy clad thickness (cm) 0.03 

Fuel element average thermal 
conductivity (W/m.ºC) 12.5  

Number of fuel elements in the 
core. 1.62x106 

Thermal conductivity Zirconium 
(W/m.°C) 18  UO2 in each fuel element (% vol) 23.9 

Thermal conductivity Uranian 
Dioxide (W/m.°C)  7  UO2 density (gr/cm³) 10.5 

Fuel element average specific heat 
(J/kg.ºC)   Zirconium (gr/cm³) 6.5 



 

 

Fuel element average density 
(gr/cm³) 8.09    
Maximum fuel temperature after a 
LOCA (ºC) 542    
 
 
 

2.3 Fuel Element Description 
 
The CERMET fuel is proposed for the FBNR reactor.  The fuel consists of coated UO2 
kernels embedded in a zirconium matrix which is then coated with a protective outer 
zirconium layer. CERMET Fuels have significant potential to enhance fuel performance 
because of low internal fuel temperatures and low stored energy. The combination of theses 
benefits with the inherent proliferation resistance, high burnup capability, and favorable 
neutronics properties of the thorium fuel cycle produces intriguing options for using thoria 
based cermet nuclear fuel in advanced nuclear fuel cycles. 
 
The FBNR fuel element consists of 500 microns in diameter UO2 microspheres covered by 
25 microns thick zirconium cladding embedded in a spherical zirconium matrix that is 
cladded by 300 microns thick Zircaloy-4 cladding to form a 15 mm diameter fuel element.     

 

 
 

FIG. 2.3.1. Cermet Unit Cell 
 
 
 
 

 
FIG 2.3.2. CERMET Unit Cell 



 

 

3. NEUTRONICS CALCULATIONS 
 

3.1 SCALE Computational Codes 
 
SCALE (Standardized Computer Analyses for L icensing Evaluation) is a modular code 
system that was originally developed by Oak Ridge National Laboratory (ORNL). The 
SCALE system utilizes well-established computer codes and methods within standard 
analysis sequences that:  
(1) Provide an input format designed for the occasional user and/or novice,  
(2) Automate the data processing and coupling between modules, and  
(3) Provide accurate and reliable results.  
 
System development has been directed at problem dependent cross-section processing and 
analysis of criticality safety, shielding, depletion/decay, and heat transfer problems.  
 
Criticality Safety Analysis Sequence (CSAS) was developed to provide a search capability for 
three-dimensional (3-D) configurations in the SCALE system.  At the center of the Criticality 
Safety Analysis Sequences (CSAS) is the library of subroutines referred to as the Material 
Information Processor L ibrary or MIPLIB.  The CSAS control module is the primary 
criticality safety control module for the calculation of the neutron multiplication factor of a 
system.  Multiple sequences within the CSAS module provide capabilities for a number of 
analyses, such as modelling a one dimensional (1-D) or a 3-D system, searching on geometry 
spacing or material concentrations, and processing cross sections.   
 
The 238-group ENDF/B-V library (238GROUPNDF5) is the most complete library in 
SCALE 5. This library contains data for all ENDF/B-V nuclides and has 148 fast and 90 
thermal groups.  The 238- and 44-group libraries are the preferred criticality safety analysis 
libraries in SCALE.  The 44-group library is recommended for LWR systems, and the 238-
group library is recommended for all other types of systems.   The 238-group library was used 
in our calculations.  
 
CSAS: control module for enhanced criticality safety analysis sequences has the following 
inherent limitations: 
 
1. Double heterogeneity such as HTGR or Pebble Bed fuel, where uranium encased in small 
graphite spheres are used to make larger spheres or rods which are then placed in a regular 
lattice. 
2. Two-dimensional (2-D) effects such as fuel rods in assemblies where some positions are 
filled with control rod guide tubes, burnable poison rods and/or fuel rods of different 
enrichments. The cross sections are processed as if the rods are in an infinite lattice of 
identical rods. 

 
CSAS performs a search for 3-D problems.  CSAS25 calculates the keff for 3-D problems.   
KENO V.a is a functional module in the SCALE system.  It calculates the keff (i.e., neutron 
multiplication) of a 3-D problem using the Monte Carlo methodology. . A 238-energy-group 
neutron cross-section library based on ENDF/B-V2 is the latest cross-section library in 
SCALE. All the nuclides that are available in ENDF/B-V are in the library.  A 44-group 



 

 

library has been collapsed from this 238-group library and validated against numerous critical 
measurements. 
 

3.2 Cell Calculations 
 
Due to the computer code limitation, one fuel-element is divided into two regions: The inner 
region, consisting coated particles inside a zirconium matrix, is simulated as a homogenized 
mixture of these components.  The mass fractions of each material are listed in Table 3.2.1. 
The outer region consists the 0.3 mm Zircaloy cladding. 
 
To simulate the reactor as a cylinder, filled by fuel spheres and water, each fuel element is 
surrounded by a dodecahedron water region.  Arranging several Dodecahedrons on each other 
allows modelling the reactor core.  The radius of one dodecahedron is chosen as such, to get a 
porosity of 40% (volume-fraction of water to fuel).  The composition of these 3 regions (Fuel, 
Zircaloy and Water) creates one fuel unit. 
 
The input data to SCALE code calculations require the following information. 

 
TABLE 3.2.1. MIXTURE OF CERMET UNIT CELL 

Material Density 
(g/cc) Diameter (cm) Volume 

(cm3) Mass (gr) Mass Fraction 

UO2 in Fuel Element 10.5   0.705 7.402 0.570 
Zirconium 6.5   0.858 5.577 0.430 
Total 8.304 1.440 1.563 12.979 1 
           
Cladding Zirconium 6.5 Thickness 0.03 0.204 1.324  
Fuel Element 8.09 1.5 1.767   
H2O inside 
dodecahedron 0.747 Face to face   1.62 1.178 0.880  
           
Total Unit Cell 5.156   2.945 15.183  

 
The calculations were made for two boundary conditions: Mirror and Vacuum.  A mirrored 
boundary condition will give the best possibility to simulate k�  by using a single cell.   
 
The for various fuel enrichment in a unit cell are shown in Table 5.1.2 and Fig. 5.1.1. 
 
TABLE 3.2.2.  K �  AS A FUNCTION OF ENRICHMENT FOR CERMET UNIT CELL 

Enrichment (%) Keff  Enrichment (%) Keff 
0 0.0717  11 1.4129 
1 0.9015  12 1.4196 
2 1.1154  13 1.4296 
3 1.2146  14 1.4373 
4 1.2720  15 1.4449 
5 1.3097  16 1.4502 
6 1.3376  17 1.4591 
7 1.3591  18 1.4654 
8 1.3760  19 1.4696 
9 1.3880  99 1.7906 
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FIG. 3.2.1. Kinf as a function of enrichment for CERMET unit cell 

 
 

3.3 Benchmarking with CERMET Fuel 
 
The Ke for FBNR40 version reactor (40 MWe), calculated by different codes gave the 
following results: SCALE = 1.1822; APOLLO = 1.2365; HAMMER/WIMS/ CITATION = 
1.20718.  The results of the burnup calculations for FBNR40 using SCALE and APOLLO are 
given in table 3.3.1.   
 
 
TABLE 3.3.1.  SCALE VERSUS APOLLO BURNUP CALCULATIONS 

Days MWD/Ton SCALEFBNR40 APOLLOFBNR40 
APOLLOFBNR40 

divide by 
SCALEFBNR40 

0 0.00 1.1822 1.2365 1.0459 
1 13.79 1.1621 1.2220 1.0515 
2 27.57 1.1597 1.2210 1.0529 
3 41.36 1.1579 1.2206 1.0541 
4 55.15 1.1571 1.2203 1.0546 
5 68.94 1.1581 1.2199 1.0534 
6 82.72 1.1583 1.2195 1.0528 
7 96.51 1.1563 1.2191 1.0543 
8 110.30 1.1564 1.2188 1.0540 
9 124.08 1.1548 1.2184 1.0551 
10 137.87 1.1560 1.2181 1.0537 



 

 

120 1654.44 1.1389 1.1978 1.0517 
240 3308.88 1.1205 1.1809 1.0539 
360 4963.32 1.1023 1.1638 1.0558 
480 6617.76 1.0896 1.1469 1.0526 
600 8272.20 1.0695 1.1306 1.0571 
720 9926.64 1.0566 1.1151 1.0554 
840 11581.08 1.0425 1.1004 1.0555 
960 13235.52 1.0267 1.0863 1.0581 
1080 14889.96 1.0124 1.0729 1.0598 
1200 16544.40 0.9970 1.0600 1.0632 
1320 18198.84 0.9841 1.0477 1.0646 
1440 19853.28 0.9716 1.0358 1.0661 
1560 21507.72 0.9585 1.0242 1.0685 
1680 23162.16 0.9451 1.0131 1.0720 
1800 24816.60 0.9331 1.0022 1.0741 
1920 26471.04 0.9199 0.9916 1.0779 
2040 28125.48 0.9095 0.9813 1.0789 
2160 29779.92 0.8983 0.9712 1.0812 
2200 30331.40 0.8936 0.9679 1.0831 

 
The Ke of standard FBNR40 reactor with cermet fuel are shown in table 6.2.2.  Standard 
reactor is defined to have 200 cm core height and 5% fuel enrichment. 

 

3.4 Standard FBNR Reactor Calculations 
 
The code SCALE does not permit the treatment of double heterogeneity.  For present studies, the 
objective being the study of the behavior of the reactor, the homogeneous calculations were 
considered sufficiently adequate. The homogeneous mixture at the fuel region consists of UO2, 
H2O, and Zircaloy   The Mass fractions of each material inside this region are listed in Table 
3.4.1.  The standard reactor having 200 cm core height and 5% fuel enrichment producing 218 
MWt (70 MWe). 
 
TABLE 3.4.1. MIXTURE OF HOMOGENEOUS REACTOR FOR CERMET FUEL 
 Mass Fraction Density [g/cm³] 
CORE MATERIAL   
UO2 0.48726 10.50 
Zirconium 0.45480 6.50 
H2O 0.05794 0.747 
Total 1 5.156 
MODERATOR MATERIAL   
H2O   0.747 
   
STRUCTURAL MATERIAL   
Stainless Steel SS-304  7.49 
Zircaloy  6.56 
   
ABSORBER MATERIAL (LOWER PART)   
Cadmium  8.642 

 



 

 

Figures 3.4.1, 3.4.2, 3.4.3 and 3.4.4 show the homogenous model of the reactor, as it was used 
for the keff and burnup calculations. 
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FIG. 3.4.1.  Keno VI model of homogenous reactor 

 
Transversal sections of the upper part, middle part and lower part of the reactor are shown 
below: 

 
FIG. 3.4.2.  Upper Part 
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FIG. 3.4.3.  Middle Part 

 
 

 
FIG. 3.4.4.  Lower Part 

 
 

3.5 Reactivity Contribution of Each Reactor Part 
 
The contributions of each part of the reactor core to the reactivity are shown in table 7.1.1 for 
cold and hot reactor.  The upper cylindrical part, the middle conical part, and the lower 
cylindrical part are made full or empty of fuel elements and its vessels are assumed to be made 
of a neutron absorber or conventional steel.  



 

 

 
TABLE 3.5.1.  CONTRIBUTION OF EACH REACTOR PART 

 Temperature 
20°C 

Temperature 
327°C 

- Upper part without fuel 
- Middle part with fuel without absorber 
- Lower Part with fuel and with absorber 

Ke = 0.96250 Ke = 0.85290 

- Upper part without fuel 
- Middle part with fuel and with absorber 
- Lower Part with fuel and with absorber 

Ke = 0.92536 Ke = 0.81568 

- Upper part without fuel 
- Middle part without fuel and without absorber 
- Lower Part with fuel and with absorber 

Ke = 0.63478 Ke= 0.60791 

- Upper part without fuel 
- Middle part without fuel and without absorber 
- Lower Part with fuel and without absorber 

Ke = 0.67732 Ke = 0.64947 

 
 
The Ke for the standard reactor with soluble boron in cold and hot conditions are given in table 
3.5.2 and fig. 3.5.1.      
 
TABLE 3.5.2.  KE AS A FUNCTION OF BORON CONCENTRATION FOR COLD AND HOT 
REACTOR 

Ke Boron Concentration 
(ppm) 327 °C 20 °C 
0000 1.17370 1.26240 
1000 1.08770 1.15610 
2000 1.03580 1.09560 
3000 0.99361 1.02281 
4000 0.94954 0.97364 
5000 0.90852 0.92178 

 
FIG. 3.5.1.  Ke as a function of Boron concentration for cold and hot reactor. 



 

 

The results of the reactivity as a function of boron concentration can be fitted to the following 
equations.  It is deduced that the hot reactor with 2880 ppm and cold reactor with 3900 ppm 
Boron concentrations are critical. 
 

2599.110910   6  Ke C,20for 52-9 +´-´=° - xx  
and 

1684.110710   4  Ke C, 327for 52-9 +´-´=° - xx  
 

where x is boron concentration in ppm.  Therefore, the boron concentration of 2900 ppm was 
chosen for the beginning of cycle. 
 

3.6 Reactivity as a Function of Core Height, Enrichment and Boron Concentration. 
 
The global neutron multiplication factor of the reactor as a function of core height for various 
boron concentrations of 0, 1000, 2000 and 3000 ppm are shown in Table 3.6.1 and Figure 3.6.1. 
 
It is seen that the height up to about 120 cm, the core height has a significant influence on 
reactivity.  At higher values the sensitivity is small. This helps the reactivity control by 
movement of core height level limiter (CHLL) without the need of having fine control rods. 
However, there is a need to use Boron poison to reduce keff at the beginning of the burnup cycle.  
The Ke as a function of the core height and boron concentrations are shown in table 3.6.1 and 
figure 3.6.1.   
 

TABLE 3.6.1.  KE AS A FUNCTION OF THE CORE HEIGHT AND BORON CONCENTRATION 
Height 0 ppm 1000 ppm 2000 ppm 3000 ppm 

0 0.85190 0.78370 0.73750 0.70880 
10 0.93510 0.87020 0.82580 0.78930 
20 0.99780 0.92840 0.88230 0.84570 
30 1.04150 0.97220 0.92054 0.88470 
40 1.07260 0.99940 0.94877 0.91160 
50 1.09470 1.02170 0.96920 0.92980 
60 1.11170 1.03650 0.98260 0.94320 
70 1.12370 1.05000 0.99479 0.95450 
80 1.13130 1.05698 1.00140 0.96230 
90 1.14120 1.06543 1.00960 0.96720 
100 1.14708 1.07080 1.01500 0.97080 
110 1.15270 1.07430 1.02160 0.97709 
120 1.15570 1.08092 1.02250 0.98080 
130 1.15970 1.08390 1.02650 0.98350 
140 1.16290 1.08535 1.02880 0.98500 
150 1.16450 1.08639 1.02830 0.98852 
160 1.16630 1.08940 1.03117 0.99100 
170 1.16860 1.09090 1.03500 0.99100 
180 1.16940 1.09500 1.03490 0.99383 
190 1.17060 1.09240 1.03640 0.99410 
200 1.17370 1.09434 1.03690 0.99381 
210 1.17450 1.09660 1.03869 0.99569 
220 1.17760 1.09807 1.03950 0.99690 
230 1.17460 1.09537 1.04030 0.99780 



 

 

240 1.17750 1.09690 1.04020 0.99553 
250 1.17760 1.10110 1.04023 0.99807 

 

FI
FIG. 3.6.1.  Ke as a function of the core height and boron concentration 

 

3.7 Sensitivity of Reactivity to Reactor Height 
 
The short term reactivity control is done by changing the reactor height by the core height level 
limiter (CHLL).  Therefore, the sensitivity of the reactivity to core height needs to be known.  
The Ke as a function of core height (x) has been fitted to a polynomial of tenth degrees resulting 
in. 
 
0 ppm Boron:  
 

1023920817714612

5104838243

x104.605 +106.0394 -103.5026 + 101.169 -102.4183 +

103.045  -101.9588 106395.9102134.1  105461.985183.0 
-----

-----

´´´´´

´´+´+´´+=

xxxx

xxx  x-xke
 

 
1000 ppm Boron: 
 

1023920817716613

5104836242

x103.478 +103.179 -101.0471 + 109.732 -103.1314 -

101.2337  102.1759 104669.2101.9355  100319.178375.0 
-----

-----

´´´´´

´+´-´+´´+=

xxxx

xxx  x-xke
 

 
2000 ppm Boron: 
 
 

1022919816714612

594836242

x102.0319 -102.5813 101.4066 - 104.3133 108.2382 -

101.0326  108.8605 105238.5102.7224  101042.173758.0 
-----

-----

´´+´´+´

´+´-´+´´+=

xxxx

xxx  x-xke
 

 



 

 

3000 ppm Boron: 
 

1022919816714612

5104838243

x102.525 103.0617 101.5726  104.4464 107.4973 

107.5193 103.9025 106776.4101.3515  103609.970882.0 
-----

-----

´+´-´+´-´+

´-´+´-´´+=

xxxx

xxx  x-xke
 

 
Where, x = core height in centimeters. 
 
The sensitivity of the reactivity to height being the derivative of above functions (dKe/dH) are 
evaluated and presented in table 3.7.1 and figure 3.7.1.  It is seen that the sensitivity of reactivity 
to core height is almost independent of boron concentration.  
 
TABLE 3.7.1: SENSITIVITY OF REACTIVITY TO CORE HEIGHT 

Height d(mk)/dH      
0 ppm 

d(mk)/dH 
1000 ppm 

d(mk)/dH 
2000 ppm 

d(mk)/dH 
3000 ppm 

0 9.54610 10.31900 11.04200 9.36090 
10 7.21272 7.10701 6.94690 6.76657 
20 5.23293 4.93334 4.63145 4.67159 
30 3.70696 3.46734 3.23040 3.18695 
40 2.61162 2.47660 2.31693 2.21027 
50 1.86774 1.80293 1.69145 1.58412 
60 1.38151 1.34123 1.25841 1.17251 
70 1.06729 1.02236 0.96216 0.88587 
80 0.85785 0.80016 0.75988 0.67759 
90 0.70666 0.64278 0.61491 0.52856 
100 0.58579 0.52734 0.49880 0.43032 
110 0.48172 0.43739 0.39479 0.37324 
120 0.39079 0.36203 0.29868 0.34181 
130 0.31500 0.29571 0.21594 0.31663 
140 0.25871 0.23788 0.15580 0.28068 
150 0.22614 0.19165 0.12430 0.22618 
160 0.21956 0.16140 0.11904 0.15860 
170 0.23794 0.14932 0.12773 0.09498 
180 0.27606 0.15179 0.13211 0.05528 
190 0.32434 0.15709 0.11679 0.04860 
200 0.37014 0.14684 0.08040 0.05898 
210 0.40194 0.10463 0.04297 0.04071 
220 0.41863 0.03621 0.03994 -0.06221 
230 0.44712 0.00722 0.08809 -0.25114 
240 0.57260 0.20531 0.10385 -0.33382 
250 0.98715 1.03550 -0.25234 0.32497 
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FIG. 3.7.1.  Sensitivity of reactivity to core height 

 
The reactivity as a function of boron concentration is calculated for every 100 ppm interval.  For 
the reason of computing time constrain, 500 iterations were used for the calculations.  This fact 
caused some deviations in the results of the calculations.  Therefore, to obtain a smooth curve, 
the data were fitted a polynomial using least square error method.  The results are shown in table 
3.7.2 and figure 3.7.2.  
 
TABLE 3.7.2.  FITTED CURVE 

ppm B Ke Fitting 
Values d(mke0/dB  ppm B Ke Fitting 

Values d(mke0/dB 

0 1.17370 1.17010 -0.08000  1600 1.06390 1.06002 -0.05760 
100 1.16150 1.16217 -0.07860  1700 1.05300 1.05433 -0.05620 
200 1.15570 1.15438 -0.07720  1800 1.05420 1.04878 -0.05480 
300 1.14590 1.14673 -0.07580  1900 1.04626 1.04337 -0.05340 
400 1.14050 1.13922 -0.07440  2000 1.03690 1.03810 -0.05200 
500 1.12860 1.13185 -0.07300  2100 1.03705 1.03297 -0.05060 
600 1.12840 1.12462 -0.07160  2200 1.02820 1.02798 -0.04920 
700 1.11725 1.11753 -0.07020  2300 1.02890 1.02313 -0.04780 
800 1.10490 1.11058 -0.06880  2400 1.01880 1.01842 -0.04640 
900 1.10530 1.10377 -0.06740  2500 1.01114 1.01385 -0.04500 
1000 1.09434 1.09710 -0.06600  2600 1.01274 1.00942 -0.04360 
1100 1.09280 1.09057 -0.06460  2700 1.00039 1.00513 -0.04220 
1200 1.08560 1.08418 -0.06320  2800 1.00300 1.00098 -0.04080 
1300 1.07460 1.07793 -0.06180  2900 0.99519 0.99697 -0.03940 
1400 1.07340 1.07182 -0.06040  3000 0.99381 0.99310 -0.03800 
1500 1.06420 1.06585 -0.05900          
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FIG. 3.7.2.  Reactivity as a function of boron concentration 
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FIG. 3.7.3.  Sensitivity of the reactivity to boron concentration 

 
 
 
 



 

 

3.8 Moderator Temperature Coefficient 
 
The reactivity as a function of moderator temperature and boron concentration is 
presented in table 3.8.1 and figure 3.8.1.  It is seen that the moderator coefficient for 
3000 ppm is still negative being -3x10-4 mK/C.   
 
TABLE 3.8.1.  KE AS A FUNCTION OF MODERATOR TEMPERATURE AND BORON 
CONCENTRATION 

°C 
Water 

Density 
(g/cc) 

0 ppm 1000 
ppm 

2000 
ppm 

3000 
ppm 

4000 
ppm 

10’000 
ppm 

20’000 
ppm 

280 0.765 1.17890 1.09970 1.04030 0.99333 0.94548 0.75988 0.58311 
285 0.756 1.17250 1.09823 1.03977 0.98910 0.94600 0.75793 0.59582 
290 0.747 1.17210 1.09520 1.03720 0.99400 0.94797 0.75912 0.59656 
295 0.737 1.16970 1.09150 1.04050 0.99114 0.94650 0.76184 0.58954 
300 0.727 1.16850 1.08890 1.03960 0.98790 0.94496 0.75916 0.59248 
305 0.716 1.16350 1.08640 1.03720 0.98686 0.94860 0.76383 0.59364 
310 0.705 1.15950 1.09370 1.03270 0.98260 0.94540 0.76474 0.59623 
315 0.693 1.15620 1.09450 1.02820 0.98630 0.94280 0.76793 0.60084 
320 0.681 1.15140 1.08600 1.02538 0.98300 0.94627 0.76840 0.59814 
325 0.668 1.14690 1.07950 1.02821 0.97877 0.94330 0.77064 0.60546 
330 0.653 1.14190 1.07310 1.02360 0.98306 0.93784 0.77197 0.60764 
335 0.636 1.13580 1.06662 1.01840 0.97540 0.93965 0.77173 0.61277 
340 0.618 1.12750 1.06010 1.01279 0.97006 0.93306 0.77418 0.61516 

 
 

 
FIG. 3.8.1.  Ke as a function of moderator temperature and boron concentration 

 
 



 

 

3.9 Doppler Effect 
 
The values of Ke as a function of fuel temperature for 0 and 3000 ppm boron 
concentrations are presented in table 3.9.1 and figure 3.9.1.  The Doppler coefficient for 
3000 ppm boron is  -6x10-5 mK/ ºC. 
 
TABLE 3.9.1.  KE AS A FUNCTION OF FUEL TEMPERATURE FOR VARIOUS BORON 
CONCENTRATIONS 

T 0 ppm 3000 ppm  T 0 ppm 3000 ppm 
280 1.1719 0.99381  500 1.1588 0.98233 
300 1.1719 0.99381  520 1.1569 0.98014 
320 1.1719 0.99381  540 1.1574 0.98090 
340 1.1715 0.99390  560 1.1546 0.97919 
360 1.1696 0.99181  580 1.1517 0.97903 
380 1.1694 0.98810  600 1.1529 0.97770 
400 1.1658 0.98900  620 1.1517 0.97655 
420 1.1646 0.98883  640 1.1483 0.97270 
440 1.1619 0.98640  660 1.1460 0.97490 
460 1.1618 0.98610  680 1.1456 0.97399 
480 1.1614 0.98562  700 1.1443 0.96990 
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FIG. 3.9.1. Ke as a function of fuel temperature 

 
 
 

 
 
 



 

 

3.10 Effect of Moderator Density on Reactivity 
 
The effects of moderator density variation on reactivity are presented in table 3.10.1, 
figure 3.10.1, and figure 3.10.2. 
 
TABLE 3.10.1.  KE AS A FUNCTION MODERATOR DENSITY 

r �� (g/cm3�) Ke dKe/dr   r �� (g/cm3�) Ke dKe/dr  
0.40 1.01590 0.5589  0.72 1.16450 0.3491 
0.42 1.02907 0.5457  0.74 1.17010 0.3360 
0.44 1.03990 0.5326  0.76 1.17770 0.3228 
0.46 1.05020 0.5195  0.78 1.18510 0.3097 
0.48 1.06300 0.5064  0.80 1.18822 0.2966 
0.50 1.07380 0.4933  0.82 1.19450 0.2835 
0.52 1.08360 0.4802  0.84 1.19870 0.2704 
0.54 1.09210 0.4671  0.86 1.20530 0.2573 
0.56 1.10200 0.4540  0.88 1.21020 0.2442 
0.58 1.11090 0.4409  0.90 1.21830 0.2311 
0.60 1.11840 0.4277  0.92 1.22070 0.2179 
0.62 1.12630 0.4146  0.94 1.22618 0.2048 
0.64 1.13610 0.4015  0.96 1.22810 0.1917 
0.66 1.14320 0.3884  0.98 1.23410 0.1786 
0.68 1.14930 0.3753  1.00 1.23986 0.1655 
0.70 1.15590 0.3622        
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FIG. 3.10.1.  Ke as a function of moderator density 
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FIG. 3.10.2.  Sensitivity of Ke to moderator density 

 

3.11 Burnup Calculations 
 
The Burnup calculations were made by using the SCALE5 module STARBUCS.  This 
module allows automatic criticality analyses of spent fuel systems employing burnup 
credit.  As a first step STARBUCS starts the burnup sequence for a depletion analysis 
calculation, performed using the ORIGEN-ARP module of SCALE5.  The spent fuel 
compositions are then used to generate resonance self-shielded cross sections, which are 
applied in a three-dimensional criticality safety calculation using the KENO code.  
 
The variables for the burnup-calculations were the burnup-time, the average specific 
power of the assembly for each cycle (POWER) and the enrichment of the core. Power 
density [MW/MTU] is thermal power generation per mass of uranium inside the core.  
Here the burnup of FBNR reactor of 218 MWt (70 MWe) are studied. 

 
TABLE 3.11.1.  BURNUP CALCULATION FOR VARIOUS FUEL ENRICHMENT 
Days MWD/ton 2.0% 2.5% 3.0% 3.5% 4.0% 4.5% 5.0% 

0 0 0.99140 1.04433 1.08190 1.1157 1.13740 1.15772 1.17100 
1 20.098 0.96608 1.01750 1.05597 1.08465 1.11490 1.13290 1.15220 
2 40.196 0.96163 1.01659 1.05399 1.08368 1.10780 1.13080 1.14513 
3 60.294 0.96150 1.01334 1.05270 1.08080 1.10830 1.12840 1.14700 
4 80.392 0.95915 1.01310 1.05380 1.08280 1.10750 1.12840 1.14450 
5 100.490 0.96022 1.01183 1.05170 1.08270 1.10890 1.12678 1.14600 
6 120.588 0.95854 1.01090 1.05000 1.07840 1.10540 1.12730 1.14410 
7 140.686 0.95750 1.01188 1.04938 1.08050 1.10580 1.12670 1.14356 
8 160.784 0.95875 1.01082 1.04960 1.08140 1.10350 1.12695 1.14500 
9 180.882 0.95760 1.00940 1.04806 1.07969 1.10450 1.12660 1.14180 
10 200.980 0.95686 1.00690 1.05040 1.07960 1.10400 1.12700 1.14330 
120 2411.760 0.93822 0.98520 1.02150 1.05330 1.07900 1.10130 1.11830 
240 4823.520 0.90973 0.95605 0.99394 1.02532 1.05290 1.07303 1.09380 
360 7235.280 0.88175 0.92595 0.96619 0.99960 1.02896 1.04935 1.07162 
480 9647.040 0.85650 0.90037 0.94204 0.97234 1.00339 1.02560 1.04685 



 

 

600 12058.800 0.83224 0.87824 0.91582 0.94775 0.97850 1.00270 1.02440 
720 14470.560 0.81418 0.85634 0.89521 0.93004 0.95727 0.98285 1.00590 
840 16882.320 0.79650 0.83989 0.87730 0.90792 0.93860 0.96344 0.98780 
960 19294.080 0.78075 0.82019 0.85478 0.88997 0.92159 0.94707 0.96790 
1080 21705.840 0.76510 0.80260 0.83943 0.87240 0.90160 0.92777 0.95401 
1200 24117.600 0.75060 0.78796 0.82215 0.85542 0.88572 0.91170 0.93700 
1320 26529.360 0.73802 0.77165 0.80770 0.83880 0.86710 0.89604 0.91990 
1440 28941.120 0.72651 0.75972 0.79241 0.82321 0.85117 0.87950 0.90370 
1560 31352.880 0.71327 0.74593 0.77559 0.80710 0.83770 0.86147 0.88816 
1680 33764.640 0.70463 0.73457 0.76243 0.79420 0.82257 0.84940 0.87320 
1800 36176.400 0.69383 0.72210 0.75213 0.78027 0.80685 0.83301 0.85942 
1920 38588.160 0.68648 0.70967 0.73910 0.76564 0.79557 0.82202 0.84588 
2040 40999.920 0.67710 0.70124 0.72502 0.75258 0.78055 0.80768 0.83042 
2160 43411.680 0.66783 0.68944 0.71342 0.73867 0.76491 0.79008 0.81705 
2200 44215.600 0.66635 0.68626 0.70742 0.73432 0.76059 0.78587 0.81098 
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FIG. 3.11.1. Burnup calculation for various fuel enrichment 
 
It is observed that around the end of the cycle (EOC), the variation of reactivity as a 
function of burnup is almost linear.  With such a linear assumption, the fuel lifetime as a 
function of enrichment are calculated as shown in table 3.11.2 and figure 3.11.2.  The 
excess reactivity Dke (mK) at the beginning of the cycle (BOC) is also tabulated.  The 
Plutonium buildup in the core at the EOC is 62 Kg and the U235 remaining in the core 
is 340 Kg. 
 
TABLE 3.11.2.  FUEL LIFETIME AS A FUNCTION OF ENRICHMENT 

% 5.00 4.50 4.00 3.50 3.00 2.50 
Days 759 616 496 358 214 45 

MWD/T 15257 12387 9975 7198 4293 904 
�Initial  
D�mKe) 

171 158 137 116 82 44 
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FIG. 3.11.2.  Excess reactivity as a function of enrichment 
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FIG. 3.11.3. Fuel lifetime as a function of initial excess reactivity 
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FIG. 3.11.4.  Fuel lifetime as a function of enrichment 

 
 
 
Fitting the above data (y represents fuel life and x enrichment) by a linear equation 
results in  
 

 638.9 -280.97x  y =  
 

It is seen that each percent of fuel enrichment contribute to 281 days [5627 MWD/T] of 
the fuel lifetime. 
 

3.12 Reactor Start Up and Shut Down 
 
To startup the reactor, the core height level limiter (CHLL) is down maintaining the 
core height below 30 cm where the Ke < 0.95 in the cold condition as seen in Table 
3.12.1 and Figure 3.12.1. Then the pump is turned on and let the coolant temperature 
increase to operating temperature (~308°C) due to the pump power dissipation.  This 
will take about 20 minutes.  When the coolant temperature is reached the operating 
temperature, then the CHLL is moved up and thus core height is increased to allow the 
reactor reach criticality.  The expected critical height is about 200 cm.  The largest 
effect of CHLL is 0.37 mK/cm at the BOC and decreases to 0.059 mK/cm at the EOC. 
(see table 3.7.1).  The effect of boron is 0.039 mK/ppmB at the BOC.  The 200 cm 
height reactor with 2900 ppmB has Ke=0.99160 and with  2700 has Ke=0.99981.  The 
uncertainty due to temperature effects justifies adoption of proposed value. 
  
To shut down the reactor, simply the pump is turned off and the fuel elements leave the 
reactor core by the force of gravity and enter the fuel chamber where they remain under 
a highly subcritical and passively cooled condition.  In this condition the accumulator 
valves will open automatically and the fuel chamber cooling tank becomes filled with 
cold water.   
 



 

 

 
 

TABLE 3.12.1.  Ke FOR STANDARD REACTOR 
20 °C 308 °C  20 °C 308 °C 

Height 0 ppm B 2900 
ppm B 

0 ppm B 2900 
ppm B 

 Height 0 ppm B 2900 
ppm B 

0 ppm B 2900 
ppm B 

0 0.95980 0.80040 0.83370 0.69910  130 1.24980 1.03420 1.14430 0.97960 
10 1.04750 0.87000 0.92150 0.78070  140 1.25300 1.03632 1.14740 0.98018 
20 1.10610 0.92049 0.98180 0.83811  150 1.25320 1.03580 1.15110 0.98300 
30 1.14730 0.95140 1.02060 0.87400  160 1.25760 1.03920 1.15290 0.98530 
40 1.17320 0.97328 1.05450 0.90289  170 1.26000 1.03984 1.15270 0.98570 
50 1.19370 0.98972 1.07950 0.92240  180 1.25900 1.04125 1.15580 0.98753 
60 1.20880 1.00060 1.09390 0.93619  190 1.25950 1.04045 1.15770 0.98800 
70 1.21820 1.00912 1.10760 0.94710  200 1.26250 1.04361 1.15930 0.99160 
80 1.22870 1.01566 1.11700 0.95530  210 1.26340 1.04216 1.16060 0.99143 
90 1.23510 1.02240 1.12430 0.96310  220 1.26380 1.04470 1.16160 0.99288 
100 1.23750 1.02580 1.13220 0.96890  230 1.26450 1.04213 1.16230 0.99216 
110 1.24430 1.02906 1.13560 0.97190  240 1.26500 1.04372 1.16150 0.99397 
120 1.24970 1.03303 1.13950 0.97420  250 1.26730 1.04667 1.16360 0.99650 

 
 

 
FIG. 3.12.1.  Ke for standard reactor 

 

3.13 Reactor Safety: Accident Conditions 
 

3.13.1 The loss of coolant accident (LOCA) 
In the case of a LOCA, the pressure in the reactor core drops and consequently the fuel 
elements lose their suspend ability and fall out of the core and enter the fuel chamber 
where they remain under subcritical and passively cooled condition.  The heat transfer 
calculations show that their temperature will not exceed ~ 542 ºC and only less than 1 



 

 

m3 of water from accumulator is necessary to evaporate during one month of grace 
period.   

3.13.2 The loss of flow accident (LOFA) 
The LOFA accident will be a more favorable accident condition than the LOCA.  Again 
the fuel elements due to the lack of coolant flow will fall back into the fuel chamber 
where they remain under a subcritical and passively cooled condition. There is no need 
for cooling water from accumulator and the coolant in the loop will increase its 
temperature by only less than 1°C. 

3.13.3 The loss of power accident 
The loss of power simply shuts down the pump and the reactor condition will be 
equivalent to a LOFA case. 

3.13.4 The loss of turbine load or secondary loop break accident 
The temperature of the cold leg of the pump increases and thus the control system shuts 
down the pump.  Also the bubbles formed in the core decrease the moderator density 
thus due to the negative moderator coefficient, (- 350 mK/(g/cm3))  as seen in Table 
3.10.1, the reactor becomes subcritical.  

3.13.5 The terrorist attack 
 
The worst condition that any terrorist action can produce will be similar to the LOCA 
condition.  Only what is needed is to protect the fuel chamber within a robust structure.  
 

3.14 Plutonium Utilization  
 
As a result of massive reductions in deployed nuclear warheads, and their subsequent 
dismantlement, large quantities of surplus weapons- grade plutonium are and will be 
stored until its ultimate disposition is achieved.  The most efficient and effective way to 
dispose of surplus weapons-grade plutonium is to fabricate it into fuel and use it for 
generation of electrical energy in commercial nuclear power plants. Weapons-grade 
plutonium can be used as fuel in FBNR. This recovers energy and economic value from 
weapons-grade plutonium, which otherwise represents a large cost liability to maintain 
in safeguarded and secure storage. The plutonium remaining in spent MOX fuel is 
reactor-grade, essentially the same as that being discharged in spent UO2 fuels. MOX 
fuels are well developed and are currently used in a number of LWRs. Plutonium-
bearing fuels without uranium (non-fertile fuels) would require some development. 
However, such non-fertile fuels are attractive from a nonproliferation perspective 
because they avoid the in situ production of additional plutonium and enhance the 
annihilation of the plutonium inventory on a once-through fuel cycle.  The plutonium 
from the reprocessing of FBNR spent fuel will in the future be also a fuel resource.  
 
Here, the reactor is assumed to be fuelled by the plutonium coming from the 
reprocessing of FBNR spent fuel after 840 days of burnup.  The fuel is thus composed 
of 95% U-238 and 5% Pu with isotopic composition shown in table 3.14.1. 
 
 



 

 

TABLE 3.14.1. COMPOSITION OF PU ISOTOPES IN FRESH FUEL 
Isotope % 

238 0.334 
239 78.584 
240 13.672 
241 6.712 
242 0.698 

    
TOTAL 100.000 

 
 
The calculated Ke as a function of core height and the percent Pu mixture in the fuel are 
presented in table 3.14.2 and figure 3.14.1.  Table 3.14.3 and figure 3.14.2 shows a 
comparison between uranium and plutonium fuelled reactor in regards to the enrichment 
effects.      
 
 
 
 
TABLE 3.14.2. KE AS A FUNCTION OF HEIGHT AND ENRICHMENT 

Plutonium Uranium  Plutonium Uranium Height 
2.2% 5.0% 2.2% 5.0%  

Height 
2.2% 5.0% 2.2% 5.0% 

10 
0.77110 0.82330 0.78466 0.93670  140 0.94688 0.99330 1.00490 

1.1633
0 

20 
0.81490 0.86890 0.84200 0.99860  150 0.95209 0.99443 1.00814 

1.1638
0 

30 
0.84940 0.90120 0.88660 1.04060  160 0.95270 0.99760 1.00760 

1.1667
0 

40 
0.87600 0.92530 0.91580 1.07120  170 0.95387 0.99830 1.01079 

1.1704
0 

50 
0.89490 0.94010 0.93740 1.09140  180 0.95316 0.99960 1.01280 

1.1707
3 

60 
0.90671 0.95270 0.95480 1.10970  190 0.95480 0.99960 1.01340 

1.1720
2 

70 
0.91570 0.96330 0.96595 1.12270  200 0.95590 1.00081 1.01410 

1.1737
0 

80 
0.92350 0.97200 0.97500 1.13350  210 0.95790 1.00450 1.01520 

1.1747
0 

90 
0.93080 0.97674 0.98325 1.14080  220 0.95860 1.00473 1.01530 

1.1748
0 

100 
0.93621 0.98160 0.99000 1.14650  230 0.95674 1.00400 1.01579 

1.1764
0 

110 
0.94070 0.98300 0.99519 1.15100  240 0.96176 1.00370 1.01816 

1.1761
0 

120 
0.94400 0.98720 0.99850 1.15600  250 0.95958 1.00580 1.01920 

1.1773
0 

130 0.94407 0.99180 1.00030 1.15860            
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FIG. 3.14.1. Ke as a function of core height 

 
TABLE 3.14.3.  COMPARISON OF U .VS. PU FUEL. 

Enrichment Ke_U Ke_PuO2 Enrichment Ke_U Ke_PuO2 

0 0.06823 0.06821 10 1.26310 1.05800 
1 0.79748 0.87650 11 1.27580 1.06583 
2 0.99140 0.95170 12 1.28510 1.07730 
3 1.08190 0.97690 13 1.29280 1.09010 
4 1.13740 0.98919 14 1.30280 1.09920 
5 1.17100 1.00081 15 1.30870 1.11346 
6 1.19910 1.01231 16 1.31480 1.12280 
7 1.22040 1.02464 17 1.32490 1.13660 
8 1.23660 1.03510 18 1.33150 1.14500 
9 1.25250 1.04670 19 1.33780 1.15745 
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FIG. 3.14.2. Comparison of uranium and plutonium fuelled reactor 



 

 

3.15 Thorium Utilization 
 
World thorium reserves are estimated to be about 3 times more abundant than the 
natural uranium reserves. Utilization of thorium would make possible to exploit new 
nuclear fuel reserves. Further advantages of thorium would be enhanced nuclear 
safeguarding because thorium will be converted to uranium, a significantly benign 
material compared to plutonium with respect to safeguard considerations as well as 
radio toxicity.   As thorium by itself is not a nuclear fuel, the MA and 235U must serve 
as a booster fissile fuel material in a thermal reactor, fueled with thorium.   
 
Thorium cycle produces 233U which, from a non-proliferation point of view, is more 
acceptable compared to plutonium for two reasons. Firstly, it is contaminated with 
232U, which decays to give highly radioactive daughter products with very hard � -ray 
radiation, which has already a very high level of deterrence and would make handling 
and diversion difficult. Secondly, the 233U could easily be denaturized by adding some 
238U to the thorium, which would then eliminate the possibility to make a critical 
assembly with the bred fuel.  In future, thorium may play a larger role in the nuclear 
fuel cycle. The superior nuclear properties of 233U over 235U and 239Pu in thermal 
reactors imply potential advantages to 233U in advanced reactors including FBNR. 
 
Nuclear reactors produce nuclear waste materials in substantial quantities, which are 
classified as fission products, minor actinides (MA) and structural materials, where can 
be defined the most hazardous radioactive waste products because of their long term, 
high level radioactivity.  A significant fraction of reactor waste MA consists of diverse 
plutonium isotopes, which represents serious public and political concern with respect 
to misuse of this plutonium and also accidental release of highly radiotoxic material in 
to the environment. Hence, precautions to keep plutonium under strong security have 
paramount importance. Some nuclear waste actinides (239Pu, 241Pu, 242mAm and 245Cm) 
are fissile fuel under thermal neutron spectrum, and all of them become fissile fuel 
under fast neutron spectrum. Some other MA are moderately fissile even under thermal 
neutron spectrum (238Pu, 241Am and 244Cm). Hence, it is worth to investigate the 
incineration of MA in the FBNR. 
 
The following Table 3.15.1 and Figure 3.15.1 show Ke as a function of thorium dioxide 
mixed with uranium dioxide of 5% and 10% enrichment.  
  
TABLE 3.15.1  Ke AS A FUNCTION OF THORIUM CONCENTRATION FOR 5% AND 
10% ENRICHMENT 

ThO2/(UO2 + ThO2) 5% U235 10% U235 

0.0 1.15374 1.24853 
0.1 1.09090 1.19230 
0.2 1.04467 1.15490 
0.3 0.99870 1.12330 
0.4 0.95470 1.08840 
0.5 0.89910 1.05060 
0.6 0.82756 1.00139 
0.7 0.73641 0.92991 
0.8 0.60405 0.81975 
0.9 0.39534 0.60328 



 

 

1.0 0.01572 0.01572 
 

 

Thorium Fueled Standard Reactor

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0

ThO2/ ( UO2 + Tho2)

K
e

5% U235 10% U235

 
FIG. 3.15.1. Ke as a function of thorium concentration 

 
Table 3.15.2 and Figure 3.15.2 show Ke as a function of core height for a mixture of 
20%  thorium (ThO2) with uranium (UO2) of 10% enrichment. 
 
TABLE 3.15.2. KE AS A FUNCTION OF CORE HEIGHT 

Core Height - Cm Ke 
0 0.85890 
10 0.93550 
20 0.98820 
30 1.02860 
40 1.05640 
50 1.07810 
60 1.09580 
70 1.10770 
80 1.11753 
90 1.12384 
100 1.13210 
110 1.13470 
120 1.13800 
130 1.14224 
140 1.14690 
150 1.14850 
160 1.14834 
170 1.15316 
180 1.15260 
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FIG. 3.15.2.  Ke as a function of core height for 20% thorium and enrichment of 10%. 

 
 

4. THERMOHYDRAULICS CALCULATIONS OF FBNR 

 
An important characteristic of this reactor concept is its relatively high coolant flow 
rate.  Therefore, it is important to evaluate the pressure losses in different sections of the 
loop and devise methods to reduce them and come up with an optimized condition.  
The size of the reactor depends on how large the coolant pump we accept to have and 
what percentage of the total reactor power produced, we would allow to be fed to the 
pump. Thus the limit of the reactor power is not dependent on the design temperatures 
but on the percent of pump power consumption.  The standard reactor is chosen to be 70 
MWe where about 3% of power is consumed by the pump.  One can have a 100, 150, 
and maximum 165 MWe reactor accepting 6, 19, and 34% of generated power going to 
powering the pump respectively. Above this maximum reactor size, the required pump 
power will exceed the additional energy produced by the reactor and thus the system 
become unproductive.  One does not need to use a single pump, but can use a 
combination of pumps in parallel and series to meet the needs.  
 



 

 

It is seen that in the operating condition of the 70 MWe reactor, the fuel elements are 
held together with a pressure of about 0.2 bar and the force on them is more than 27 
times the force of gravity, thus guarantees the bed to remain a fixed bed during the 
reactor operation. 

 

4.1 Pressure loss calculations 
 

Figure below shows the sections of the reactor loop with the corresponding table giving 
the calculated pressure losses at each section.  The operating condition of the 70 MWe 
reactor corresponds to the coolant flow velocity of 7.2 m/s.  In the table also is included 
the reactor condition at minimum coolant velocity of 1.5 m/s being the terminal velocity 
for the fuel elements.  Also included the pressure losses for a maximum flow velocity of 
25 m/s above which the reactor operation becomes impractical. 

   
 

 

 



 

 

The pressure loss in the loop are calculated by the following equation. 
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Where, 
             P = pressure at the section [Pa] 
  �  = density [kg/m³] 
  �  = correction factor for flow velocity profile. [non-dimensional] 
  V = average flow velocity at the section [m/s] 
   g = gravity acceleration [m/s²] 
   z = section height [m] 
   hlt = total pressure loss [m²/s²] 
 
and  

lt l lmh h h= +  
 
Where: hlt = total pressure loss [m²/s²] 

hl = distributed pressure loss [m²/s²] 
 hlm = local pressure loss [m²/s²] 
 
and 

. .
Re

V Dr
m

=  

 
Where: Re = Reynolds number 
 �  = density [kg/m³] 
 V = average flow velocity [m/s] 
 D = tube diameter [m] 
 µ = dynamic viscosity of coolant [N.s/m²] 
 
and 

2
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D
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Where: hl = distributed pressure loss [m²/s²] 
 fe = Darcy friction factor 
 L = tube length [m] 
 D = tube diameter [m] 
 V = average flow velocity [m/s] 
 
and 



 

 

 
 
Where: hlm = local pressure loss [m²/s²] 
 K = pressure loss coefficient 
 V = average flow velocity [m/s] 
 
 
The pump power is calculated by: 

 
Where: PP = pump power [W] 
 V’  = volumetric flow [m³/s] 
 DP =  total pressure loss [Pa] 
 
The thermal power of the reactor is calculated by the following equation:   

 
Where: Pt = generated thermal power [W] 
 m’  = mass flow [kg/s] 
 hs = enthalpy of leaving coolant [J/kg] 
 he = enthalpy of entering coolant [J/kg] 
 
 
The pressure loss in the fixed bed is calculated by the following equation: 
  

 
 
Where: C1 = empirical value of 150 
 C2 = empirical value of 1.75 
 E = bed porosity 
 µ = cinematic viscosity [N.s/m²] 
 �  = density [kg/m³] 

Uo = flow velocity without spheres [m/s] 
 H = bed thickness [m] 
 dc = fuel element diameter [m] 
 g = acceleration of gravity [m/s²] 
 Z = relative height [m] 



 

 

 
The results are shown the following table and figures: 
 
TABLE 4.1.2.  

Velocity 
[m/s] 

Mass 
Flow 
[kg/s] 

Bed 
Pressure 

Loss 
[bar] 

TOTAL 
Pressure 

Loss 
[bar] 

Pump 
Power 
[MWe] 

Reactor 
Power 
[MWt] 

Reactor 
Power 
[MWe] 

Net 
Power 
[MWe] 

Pump 
Fraction 

Binding 
Pressure 

[bar] 

Dynamic 
Force 
Factor 

1 147 0.0 0.2 0.01 30.2 10.0 10.0 0.1% -0.003 0.5 
1.50 220 0.1 0.5 0.02 45.3 15.0 14.9 0.1% 0.001 1.2 

2 293 0.1 0.9 0.05 60.4 19.9 19.9 0.2% 0.008 2.1 
3 440 0.2 2.1 0.1 90.6 29.9 29.8 0.5% 0.026 4.7 
4 587 0.4 3.8 0.3 120.9 39.9 39.5 0.9% 0.053 8.3 
5 733 0.6 5.9 0.7 151.1 49.9 49.2 1.4% 0.086 13.0 
6 880 0.9 8.5 1.2 181.3 59.8 58.7 2.0% 0.127 18.7 
7 1027 1.2 11.5 1.9 211.5 69.8 67.9 2.7% 0.176 25.4 

7.23 1060 1.3 12.3 2.0 218.4 72.1 70.0 2.8% 0.188 27.1 
8 1173 1.6 15.0 2.8 241.7 79.8 77.0 3.5% 0.232 33.2 
9 1320 2.0 19.0 4.0 271.9 89.7 85.8 4.4% 0.295 42.0 
10 1467 2.5 23.5 5.4 302.1 99.7 94.3 5.4% 0.366 51.8 
11 1613 3.0 28.4 7.2 332.4 109.7 102.5 6.6% 0.445 62.7 
12 1760 3.6 33.8 9.4 362.6 119.7 110.3 7.8% 0.531 74.6 
13 1907 4.2 39.7 11.9 392.8 129.6 117.7 9.2% 0.624 87.6 
14 2053 4.9 46.1 14.9 423.0 139.6 124.7 10.7% 0.725 101.5 
15 2200 5.6 52.9 18.3 453.2 149.6 131.2 12.2% 0.833 116.6 
16 2347 6.4 60.1 22.2 483.4 159.5 137.3 13.9% 0.949 132.6 
17 2493 7.2 67.9 26.7 513.6 169.5 142.8 15.7% 1.072 149.7 
18 2640 8.1 76.1 31.7 543.9 179.5 147.8 17.6% 1.203 167.9 
19 2787 9.0 84.8 37.2 574.1 189.5 152.2 19.6% 1.341 187.0 
20 2933 10.0 94.0 43.4 604.3 199.4 156.0 21.8% 1.487 207.2 
21 3080 11.0 103.6 50.3 634.5 209.4 159.1 24.0% 1.640 228.5 
22 3227 12.1 113.7 57.8 664.7 219.4 161.6 26.3% 1.801 250.7 
23 3373 13.2 124.3 66.0 694.9 229.3 163.3 28.8% 1.969 274.1 
24 3520 14.4 135.3 75.0 725.2 239.3 164.3 31.3% 2.144 298.4 
25 3667 15.6 146.8 84.8 755.4 249.3 164.5 34.0% 2.327 323.8 
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FIG. 4.1.2.  
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In table 2 the binding pressures (BP) and binding force factors (BFF) are also tabulated.  The 
binding pressure is the pressure that is put by the flow thus holding the fuel elements together.  
It is calculated by the following equation: 
 

 
Where: BP = binding pressure 
 � w = water density [kg/m³] 
 � s = sphere fuel density [kg/m³] 

U = inlet velocity  [m/s] 
 d = fuel element diameter [m] 
 g = acceleration of gravity [m/s²] 
 
The binding force factor (BFF) showing how many times the force on the sphere holding them 
together is greater than the force of gravity that would make the fuel element fall out of the 
reactor core.  It is calculated by the following equation: 
 

 
Where: BFF = binding force factor 
  � w = water density [kg/m³] 
  � s = sphere fuel density [kg/m³] 

 U = entrance bed velocity  [m/s] 
      d = fuel element diameter [m] 
  g = acceleration of gravity [m/s²] 
 
 
 
It is seen that in the operating condition of the 70 MWe reactor, the fuel elements are held 
together with a pressure of about 0.2 bar and the force on them is more than 27 times the force 
of gravity, thus guarantees the bed to remain a fixed bed during the reactor operation. 
 

4.2 Thermal Calculations  
 

4.2.1 Basic data 
 
 
The inlet and outlet temperatures of coolant in the core are 290 C and 326 C corresponding to 
enthalpies of 1283 and 1489 KJ/Kg corresponding to an enthalpy rise of 206 KJ/kg.  The mass 
coolant rate at the operating condition is 1060 Kg/s corresponding to a coolant velocity of 
7.23 m/s, thus the reactor produces a thermal power of 218.4 MWt and electric power of 70 
MWe.  
 



 

 

The 200 cm height core has 4.78 m3 volume and contains 2.87 m3 fuel that corresponds to 
1.62 millions of spherical fuel elements.  The volumetric heat generation is 76.10 w/cm3 or 
134.40 watts per sphere.  Each fuel element having 7.4 g of UO2 contain 6.52 g of uranium 
metal.  
 
The critical heat flux of 2290 kW/m² is obtained.   
 

4.2.2 Fuel surface temperature calculation 
 
The heat generated in the fuel is transferred to the coolant by convection.  A constant heat 
generation in all the fuel elements is assumed. 
 
 The formula for the heat flux transferred through convection is: 
 

  
Where: q’ ’  = heat flux [W/m²] 
   h = coefficient of heat transfer [W/m.°C] 
   Ts = surface temperature [°C] 
   T�  = coolant temperature [°C] 
 
The coolant velocity on the fuel surface is calculated by the following expression:   

Where Vs = superficial velocity in the fixed bed [m/s] 
  Uo = velocity in the bed without spheres [m/s] 
  E = bed porosity 
 

 The Reynolds number is calculated by: 

Where: Re = Reynolds number  
  �  = coolant density [kg/m³] 

   Vs = superficial velocity in the fixed bed [m/s] 
   d = fuel element diameter [m] 
   µ = coolants dynamic viscosity [N.s/m²] 
 

The Nusselt number is calculated by the expression given by Whitaker: 

Where: NuD = Nusselt number  

   ReD = Reynolds number  



 

 

   Pr = Prandtl number 

   	  = dynamic viscosity of coolant [N.s/m²] 

   	 s = dynamic viscosity of coolant at the surface temperature [N.s/m²]    

 

(Recommended for   0,71<Pr<380; 3,5<ReD<7,6E+04) 

 

The Nusselt number being: 

Where: Nu = Nusselt number 
          h = heat transfer coefficient [W/m².°C] 
  d = fuel diameter [m] 
  Kw = coolant thermal conductivity [W/m.°C] 
 
Knowing that the heat transfer rate is: 

Where: q = heat transfer rate [W] 
   As = surface area of the fuel [m²] 
   q’ ’  = heat flux [W/m²] 
 

The fluid temperature is considered to be 326 °C.  The surface to volume of a sphere is: 

Where Sv is given in m²/m³ and d is the diameter of a sphere.  Therefore, we can calculate:  

where: q’ ’  = heat flux [W/m²] 
   q’ ’ ’  = volumetric heat generation [W/m³] 
   Sv = surface to volume ratio [m²/m³] 
 

Since the viscosity of coolant at the surface temperature is required, an iteration process was 
needed to be performed and the surface temperature of 357.7 was determined.  Consequently, 
under reactor’s operating condition of mass flow of 1060 Kg/s, the thermal parameters are:  

 
Re = 4,57E+04 
Nu = 181,2 
h = 6003 kW/m².K 
q = 218,4 MW 
q’ ’  = 190,2 kW/m² 

   T�  = 326 ºC 



 

 

Ts = 357.7 ºC 
 
We note that the fuel surface temperature (357.7) is higher than the water saturation 
temperature at 160 bar pressure (347 °C), thus a DNB analysis is needed to be performed. 
 
 
 

4.2.3 Temperature distribution in the fuel 
 

Solving the equation of heat conduction for a sphere and applying the common appropriate 
boundary conditions results in the following expression:  

Where: T(r) = temperature as a function of radius r [C] 
     Ts = surface temperature [°C] 
     q’  = volumetric heat generation rate [W/m³] 
     k = thermal conductivity of fuel element [W/m.°C] 
     R = radius of fuel element [m] 
     r = vector radius [m] 
 

The surface temperature of the 15 mm diameter fuel was calculated to be 357.7 C and its 
volumetric heat generation is 76.10 w/cm3.    Figure below shows the thermal conductivities 
of Zr and UO2 as a function of temperature.  The CERMET fuel being composed of 55% Zr 
and 45% UO2, thus using thermal conductivity of 18 for Zr and 6 W/m.°C for UO2, one finds 
an average value of 12.6 W/m.°C for thermal conductivity of the cermet fuel. 

 
 

 
FIG. 4.2.3.1. The thermal conductivities of the materials used in the CERMET fuel 

 



 

 

FIG. 4.2.3.2. The temperature distribution in the fuel element 
 

 
 

Temperature of  357.7 °C at the fuel surface corresponds to the temperature of 414.3 °C at 
fuel centre giving a temperature difference of 56.6 °C. 
 

4.2.4 Calculation of critical heat flux and boiling regime 
 

Considering the fuel element in the worst position namely at the upper and outer position of 
the core where the coolant temperature is hottest flowing at a lower rate.  Also the 
conservative pool boiling regime is assumed.   
 
 
The bubble diameter is calculated by the expression: 
  

 
 

 
Where, Db = bubble diameter [m] 
   
  = surface tension [N/m] 
     g = acceleration of gravity [m/s²] 
   � f = fluid density [kg/m³] 
   � g = steam density [kg/m³] 
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Considering the following values:  
 
g = 9.81 m/s² 
� f = 586.51 kg/m³ 
� g = 106.38 kg/m³ 

  = 0.0045 N/m 
 
We obtain the bubble diameter to be 9.8 E-04 and thus we can calculate the dimensionless 

number R’  to choose the adequate expression: 

 Where  R’  = dimensionless number 
  R = fuel radius [m] 
  Db = bubble diameter [m] 
 
The value of R’=7.67 is obtained and according to Lienhard (1981), it is classified as “ large 

sphere” , where the critical heat flux can be calculated by the following formula (p. 
165,Convective Boiling and Condensation, John G. Collier and John R. Thome): 

  Where:  q’ ’crit  = critical heat flux [W/m²] 
  hfg = latent heat [J/kg] 

  
  = surface tension [N/m] 
  g = acceleration of gravity [m/s²] 
  � f = coolant density [kg/m³] 
  � g = steam density [kg/m³] 
 
Using the previously used value of hfg = 941 kJ/kg, the critical heat flux of 2289.6 kW/m² is 

obtained.  This is more than 12 times higher than the operating condition of 76.1 w/cm3 or 
corresponding 134.4 w/sphere. 

 

4.2.5 Temperature behavior as a function of time 
 

Let us assume that the reactor is operating at a steady state condition and suddenly occurs a 
power excursion. This transient situation is analyzed using the lump sum method.  It is 
assumed that the initial coolant temperature remains at 326 C, fuel surface temperature 357.7 
C,  and the heat transfer coefficient at 6003 W/m².K .  The Bio number is calculated by:   

  Where: Bi = Biot number 
     h = coefficient of convection [W/m².°C] 
              R = Radius of sphere [m] 



 

 

               
 
K = thermal conductivity of the sphere [W/m.°C] 
 
 

The Biot number is 3.57 that is higher than 0.1, but even under this condition we use the lump 
sum method in order to obtain an estimative result.  The constants are taken from the PNNL-
16647 report.  “Spherical Cermet Fuel Elements for the Atoms for Peace Reactor Concept” , 
table 3.1, “Accident Conditions, 600 ºC”, page. 3.15. 
 

 
c = 520 J/kg.K 
k = 12.6 W/m.K 
�  = 8100 kg/m³ 
 
 
Using the following equation for transient regime with heat generation: 
 
 
 

 
 
 
 Where, T = temperature as a function of time t [ºC] 
  T�  = coolant temperature [ºC] 
  Ti = initial temperature as a function of time [ºC] 
  t = time [s] 
  Sv = surface to volume ratio of fuel element [m²/m³] 

h = coefficient of convection [W/m².K] 
  �  = coolant density [kg/m³] 
  V = fuel element volume [m³] 
  c = specific heat [J/kg.K] 
  q’ ’ ’  = volumetric heat generation rate [W/m³] 
 
 
 

The fuel temperature as a function of time for various values of volumetric heat generation are 
shown below. 
 
 



 

 

 
FIG. 4.2.5.1. The fuel temperature as a function of time for various values of volumetric heat 

generation. 
 

 
A study is done on the effect of the effect of initial coolant temperature and consequently 
the fuel surface temperature on the fuel temperature as a function of time.  

 

 
 

FIG. 4.2.5.2. Fuel temperature as a function of time when the initial coolant temperatures are 
varied. 

 



 

 

 
 

The effect of convective heat transfer coefficient on the fuel temperature was also studied.  
The following figures show the temperature variation as a function of time for various 
volumetric heat generation and the heat transfer coefficients of h=10 and 6000 W/m².K.  
 

 
FIG. 4.2.5.3. Fuel temperature as a function of time with heat generation of  76,10 MW/m³. 

 
 

For the worst condition of h=10, it will take 48 seconds for the fuel reach a temperature of 
1200 C.  Should the heat generation doubles to 152 MW/m³ this time falls to 24 seconds.  

 
Fig. 4.2.5.4. Fuel temperature as a function of time 



 

 

  

5. ASSESSMENT OF FBNR USING INPRO METHODOLOGY 
 

International Project on Innovative Nuclear Reactors and Fuel Cycles (INPRO) 
Reactor Safety and Proliferation Resistance Assessments of FBNR 

 
 

The International Project on Innovative Nuclear Reactors and Fuel cycles – INPRO – 
launched by IAEA in 2000 offers a methodology for the holistic assessment of innovative 
nuclear energy systems composed of nuclear power plants and associated nuclear fuel cycles. 
INPRO also serves as a forum to bring together technology holders and technology users to 
consider jointly the research and development actions necessary to bring the desired 
innovations into reality.  The FBNR reactor was assessed and is an innovative nuclear energy 
system (INS) completed by an indigenous once-through fuel-cycle with enriched uranium 
oxide and no reprocessing requirements.  The scope of the assessment was limited to the 
reactor component and to the methodology areas of safety of the nuclear power plant, and 
proliferation resistance. 
 
The objective of this report is threefold: first, to give detailed information of the assessment 
performed in order to provide subsidies to the analysis and evaluation of many categories of 
national stakeholders, including electricity producers, policy makers, designers and regulators; 
second, to provide feedback for improvement of the methodology, and finally to identify the 
research and development work necessary to satisfy the non-fulfilled indicators. 
 
The appendices give fairly detailed description of FBNR and Angra 2 (the reference reactor) 
design features relevant to the areas of safety, and proliferation resistance.  The annexes 
provide a comprehensive rationale of the judgement made on the potential of FBNR to fulfill 
the corresponding acceptance criteria of INPRO methodology. 
 

5.1 Background 
 
 
The International Project on Innovative Nuclear Reactor and Fuel Cycles (INPRO) was 
launched in 2000 in response to resolution 21 of the 44th IAEA General Conference 
(GC(44)/RES/21)[7].  The project, an initiative of the Russian Federation supported by a 
group of IAEA Members States has the objectives of: 1) helping to assure that nuclear energy 
is available to contribute in fulfilling, in a sustainable manner, the energy needs in the 21st 
century; 2) bringing together technology holders and technology users to consider jointly the 
international and national actions required to achieve the desired innovations in nuclear 
reactors and fuel cycles, and 3) creating a forum to include all stakeholders that will have an 
impact on, drawn from, and complement the ongoing activities at the national and 
international levels.  

 
Innovative nuclear energy systems (INS) encompass all systems that will lead nuclear energy 
to a position of making a major contribution to global energy supply in the 21st century.  In 
this context, future systems include evolutionary designs (an advanced design that achieves 



 

 

improvement over existing designs through small to moderate modifications) and innovative 
designs (an advanced design that incorporates radical conceptual changes in design 
approaches and or system configurations in comparison with existing practice); all fuel cycle 
components (mining, milling, conversion, enrichment, fuel fabrication, electricity and co-
generation, spent fuel storage, reprocessing, recycling); all industrial phases (site acquisition, 
design, construction, equipment manufacturing and installation, commissioning, operation, 
decommissioning, site release and closure), and also institutional and infra-structure measures 
(national and international legal framework, multilateral approach for assurance of fuel 
supply,  harmonisation of  regulations and industry standards, etc.). 

 
To accomplish its objectives, INPRO has adopted a stepwise approach.  In the first step, called 
Phase 1, a methodology, which must be fulfilled by an innovative nuclear energy system 
(INS) in order to meet the desirable target of sustainable energy supply, was developed, 
validated, and applied to the assessment of several potential INS. INPRO methodology is 
comprised of basic principles, user’s requirements and criteria in the areas of economics, 
safety, environment, waste management, proliferation resistance and infrastructure [8].  The 
assessment studies also help to identify the research and development needed to overcome the 
INS technological gaps and provide important feedback information for the continuous 
improvement of the methodology itself. 
  
The second step, called Phase 2, was launched in July 2006 with the objective of fostering the 
establishment of international collaborative projects to perform the researches and 
developments identified during the assessment studies and which are needed to improve the 
performance of existing INS components, or to develop new components of an optimum INS, 
in accordance with the needs of a given IAEA Member State.  New assessment studies are 
naturally expected to be submitted in the foreseeing future and shall be performed in parallel 
with the activities of INPRO Phase 2. 
 

5.2 Objective  
 
The objective of this work was to perform a screening (not comparative) assessment of the 
FBNR reactor as components of a potential INS, which includes a conventional open fuel 
cycle, using INPRO methodology.  The FBNR is a small reactor without on-site refuelling 
scheme.   
 

5.3 Scope  
 
The main scope of this study was the assessment of the FBNR reactor.  The front and back-
end technologies of the open fuel cycle option selected were not assessed, but the inflow and 
outflow of materials in the reactor component were considered, whenever possible.  The scope 
of this assessment study was further limited to the areas of safety and proliferation resistance.  
In accordance with the INPRO methodology, however, to arrive at a proper judgement of the 
sustainability of any INS a holistic assessment covering all the areas defined by the 
methodology has to be performed.  It is our intention to pursue such goal in a future study.  
 
To complete the assessment study, feedback on the application of the INPRO methodology is 
offered.  Also the research and development required for the improvement of the reactor 
studied are also included whenever applicable. 



 

 

 

5.4 Description of the Assessed Nuclear Energy System 
   
A nuclear energy system within INPRO comprises the complete spectrum of nuclear facilities and 
associated institutional measures.  Nuclear facilities include facilities for mining and milling, 
processing and enrichment of uranium and/or thorium, manufacturing of nuclear fuel, production 
of electricity or other energy-related products, reprocessing of nuclear fuel (if a closed nuclear 
fuel cycle is used) and facilities for related management activities, including storage, 
transportation and waste management.  Institutional measures consists of agreements, treaties, 
national and international legal framework and conventions, which are part of the national and 
international infrastructure needed to deploy and operate a nuclear program.  All phases in the life 
cycle of theses facilities need to be considered, including site acquisition, design, construction, 
equipment manufacture and installation, commissioning, operation, decommissioning and, site 
release and closure.    

 

An Innovative nuclear energy system (INS), on the other hand, encompasses all nuclear energy 
systems that shall contribute significantly to fulfil the mankind’s energy needs in the 21st century 
in a sustainable manner.  Such systems may include evolutionary as well as innovative designs of 
nuclear facilities.  Evolutionary designs are advanced designs that achieve improvements over 
existing designs through small to moderate modifications.  Innovative designs are advanced 
designs that incorporate radical conceptual changes in design approaches or system configuration 
in comparison with existing practice [10]. 

 

The 2nd step of an INPRO assessment consists of the INS definition taking as input the results 
of the scenarios study in terms of the country’s nuclear capacity, fuel cycle option and 
envisaged applications.  The outputs are the definition of the full INS structure, the technology 
and the system selection for each INS component.  These aspects are discussed next. 

 

5.5 Fixed Bed Nuclear Reactor – FBNR 
 
The Fixed Bed Nuclear Reactor (FBNR) is a small reactor (70 MWe) without the need of on-
site refuelling.  It utilises well proven PWR technology.  It has the characteristics of being 
simple in design, modular, inherently safe, passively cooled, proliferation resistant, and causes 
reduced adverse environmental impact [11]. 

The FBNR is modular in design, and each module is assumed to be fuelled in the factory. The 
fuelled modules in sealed form are then transported to and from the site. The FBNR has a long 
fuel cycle time and, therefore, there is no need for onsite refuelling. The reactor makes an 
extensive use of PWR technology.  The fuel elements are CERMET fuel made of UO2 micro 
spheres embedded in zircaloy. 

 
Some general characteristics of the FBNR reactor design are: 
 
·  Small in size  
·  No need for on site refuelling 
·  Proven PWR technology  



 

 

·  No fresh fuel storage on site 
·  Inaccessibility of fuel to unauthorised individuals  
·  Simplicity and economy 
·  Underground containment 
 
Some technical information is: 
 
POWER 
·  Thermal power generation:     218  MWth 
·  Net electrical power:    70  MWe 
·  Core power density:     45.6 kWth/lit 
·  Pump power:               2 MWe 
 
MODULE DIMENSIONS 
·  Core height:   200 cm 
·  Core volume:              4.78 m3 

·  Fuel in core:   23.2 ton 
·  UO2 in core:   11.5 ton 
 
FUEL ELEMENT 
·  Fuel element (FE) diameter:  1.5 cm 
·  Number of FE in the core: 1.62 x 106    
·  UO2 in each fuel element:  39.8 (% vol.) 
·  UO2 in each fuel cell:  23.9 (% vol.) 
 

5.6 Reference Reactor – Angra 2 
 
The reference reactor for this assessment study is the pressurised light water cooled, Angra 2 
reactor (Central Nuclear Almirante Alvaro Alberto, Unit 2), which is located next to Angra 1 
(Unit 1) on the Atlantic Coast in a bay at Itaorna in the western extremity of the state of Rio de 
Janeiro near the city of Angra dos Reis.  Designers of plant and containment were KWU 
Group of Siemens Aktiengesell-schaft (today Framatone ANP), Berlin und München, Federal 
Republic of Germany together with Nuclebrás Engenharia S.A. – NUCLEN, today Eletrobrás 
Termonuclear S.A. – ELETRONUCLEAR, Rio de Janeiro. 
 
The main features about this plant are [11]:  
 
·  Thermal reactor output:   3765 MWth rated power 
·  Electrical output:  1229 MWe  rated power 
·  Number of loops:  4 (four) 
·  Fuel Loading:  30/03/2000 
·  End of Trial Operation: 04/12/2000 
 
 
The safety philosophy behind the nuclear power plant takes into consideration the special risks 
posed by the presence of nuclear radiation and the generation and accumulation of radioactive 
fission and activation products. The safety features are designed such that the necessary 
degree of occupational radiological protection is ensured at all time and no inadmissible 



 

 

quantities of radioactivity will be released to the environment during authorized operation or 
during and after postulated accidents. 
 
In particular, it must be ensured during all operating and accident conditions of the nuclear 
power plant that the following safety objectives will be achieved: 
·  safe shutdown of the reactor and long-term subcriticality 
·  long-term residual heat removal 
·  confinement of radioactivity 
 
The following barriers are provided as so-called passive safety features to protect the 
environment of the nuclear power plant against the escape of radioactive fission and activation 
products: 
·  Fuel matrix 
·  Fuel cladding tube 
·  Reactor coolant system and 
·  Containment. 
 
The purpose of this protective barrier concept is to provide defense-in-depth in that if one 
barrier fails, there is always another barrier available to prevent the release of radioactive 
substances. Verification of the capability of the protective barriers to fulfil their safety-related 
functions is performed either by in-service monitoring (e.g. reactor coolant activity 
measurements) or in-service inspections (e.g. leak-tightness and ultrasonic tests). 
 
Further details on the safety aspects of Angra 2 unit are given in Appendix I. 
 

5.7 Summary Result of the Assessment 
 

5.7.1 General considerations 
 
This Chapter summarizes the results of the assessment of the FBNR reactor using INPRO 
methodology.  The reactor was initially assessed with regard to safety of the nuclear power 
plant and proliferation resistance.  Tables 5.8.2.1 and 5.8.3.1 summarized the results found in 
accordance with the terminology introduced in the Head Chapter of INPRO Manual:  if the 
value of the indicator is acceptable, the judgment is that the INS complies with or has 
potential to fulfill the specific criterion assessed.  Otherwise, the judgment becomes non-
compliant or no potential for this criterion.  This judgment procedure is repeated likewise for 
all criteria of a user requirement, then for all user requirements of a basic principle and finally 
for all basic principles of a methodology area. The rationale for the judgment on the potential 
of the INS reactor component for each of the methodology areas appraised are documented in 
full detail in Annexes I and II.  
 

5.7.2 Safety of FBNR 
 
TABLE 5.7.2.1. INDICATORS, COMPARISON WITH ACCEPTANCE LIMITS AND 
JUDGEMENT ON POTENTIAL OF INS - REACTOR SAFETY AREA 
Indicator Indicator value Acceptance        limit Judgment on potential 

of ins 



 

 

IN1.1.1 Increased simplicity and margins 
of design 

Better than reference Compliant 

IN1.1.2 Clearly better than reference 
 

Better than reference Complaint 

IN1.1.3 State-of-art inspection capability Better than reference Compliant 
IN1.1.4 Frequencies lower than reference 

for the operational state 
Better than reference Compliant 

IN1.1.5 Essentially an infinite grace time 
 

Minimum of 30 minutes Compliant 

IN1.1.6 Greater thermal inertia due to 
larger water inventory and lower 
power density 

Better than reference Compliant 

IN1.2.1 Passive reactor protection system 
and state-of-art digital I&C system 

Better than reference Compliant 

IN1.3.1 If the signals reaching the pump 
controller are out of the accepted 
design values,  the reactor core 
will be empty by the  action of 
gravity causing the reactor 
shutdown 

Better than reference Compliant 

IN1.3.2 Grace time is almost infinite 
 

Minimum of 8 hours Compliant 

IN1.3.3 Passive reactor protection system 
and state-of-art digital I&C system 

Better than reference Compliant 

IN1.3.4 Number of confinement barriers is 
greater than in conventional PWRs 

Better than reference Compliant 

IN1.3.5 Controlled state reached 
automatically and instantaneously 
with high reliability 

Better than reference Compliant 

IN1.3.6 Shutdown reactivity margin is 
100% � k/k over the cycle 

Better than reference Compliant 

IN1.4.1 Frequency of major release for a 
highly degraded core expected to 
be well below the acceptance limit 
(to be calculated) 

Calculated integral 
frequency for a highly 
degraded core 
�  10-5 /year and unit 

Potential 

Indicator Indicator value Acceptance        limit Judgment on potential 
of ins 

IN1.4.2 Number of natural or engineered 
processes  for controlling relevant 
system parameters and activity 
levels in containment/confinement 
same as that available in 
conventional water-cooled reactors 
 

At least equal to the 
number of processes 
available in conventional 
water-cooled reactors for 
controlling relevant 
system parameters and 
activity levels in 
containment/confinement 

Complaint 
 

IN1.4.3 Severe accidents are hardly 
envisaged 

Better than reference Complaint 

IN1.5.1 Frequency of a major release of 
radioactivity into the environment 
expected to be much lower than 
10-6 per unit-year 
(to be evaluated) 

Better than reference 
 

Potential 



 

 

IN1.5.2 No provision expected for 
evacuation or relocation outside 
the plant side 
(dose to be calculated) 

Better than reference 
 

Potential 

IN1.5.3 Risk comparable to other facilities 
used for similar purpose 

Same as reference Compliant 

IN1.6.1 PSA analysis not performed but 
use of passive systems increase  
the independence of different  
levels of DiD 

Better than reference Potential 

IN1.7.1 Due to the passive nature of the 
control system, operators can not 
override the system and cause a 
reactor accident 

Better than reference Compliant 

IN1.7.2 State-of-art human response 
models should be used in FBNR 
design 

Better than reference Potential 

IN2.1.1 Variables related to hazards (stored 
energy, flammability, criticality, 
inventory of radioactive materials, 
available excess reactivity and 
reactivity feedback) are generally 
fulfilled. 
 

Limits defined by 
international standards 

Compliant 

IN2.1.2 Data not available but not relevant 
(see IN1.3.1) 
 

Better than reference 
 

Compliant 

Indicator Indicator value Acceptance        limit Judgment on potential 
of ins 

IN2.1.3 Consequences of abnormal 
operation and accidents are not 
relevant (see IN1.3.1) 

Better than reference Compliant 

IN2.1.4 To be evaluated but certainly not 
relevant (see IN1.3.1).                
For confidence in innovative 
components and approaches see 
indicators 4.2.1 and 4.2.2 

See indicators 4.2.1 and 
4.2.2. 

Compliant 

IN3.1.1 Expected dose during normal 
O&M well below 0.25 man-
Sv/year 

Better than reference Compliant 

IN3.2.1 No provision required for 
evacuation outside the plant site 

Limits defined by 
international standards 

Compliant 

IN4.1.1 IAEA guidelines and rules        
will be  met 

Safety concept defined Compliant 

IN4.1.2 Design-related safety requirements 
will be properly specified 

Design-related 
requirements specified 
and independently 
reviewed 

Compliant 

IN4.1.3 Safety issues will be properly 
addressed and reviewed 

Safety issues addressed 
and independently 
reviewed 

Compliant 

IN4.2.1 Model tests in reduced and full 
scale yet to be performed 

RD&D defined and 
performed and database 
developed 

Potential 



 

 

IN4.2.2 Computer codes for the operational 
and accidental behaviors to be 
developed 

Updated versions of  
(commercial) computer 
codes used for designing 
conventional PWRs 

Potential 

IN4.2.3 All passive safety systems or 
components to be tested in full 
scale 

Scaling understood 
and/or full-scale tests 
performed 

Potential 

IN4.3.1 Novelty is the concept of 
suspended core 

Novelty of the process 
compared with reference 

Compliant 

IN4.3.2 Simple pilot plant to be 
constructed 

Level of adequacy of the 
pilot plant 

Potential 

IN4.4.1 Risk informed approach will be 
used for some design features and 
inspections 

Use of a risk informed 
approach 

Compliant 

IN4.4.2 Uncertainties and sensitivity 
analyses will be properly 
performed 

Uncertainties and 
sensitivities identified 
and appropriately dealt 
with 

Compliant 

 

5.7.3 Proliferation resistance of FBNR 
 
TABLE 5.7.3.1. INDICATORS, COMPARISON WITH ACCEPTANCE LIMITS AND 
JUDGEMENT ON POTENTIAL OF INS-PROLIFERATION RESISTANCE AREA 

INDICATOR INDICATOR VALUE ACCEPTANCE        
LIMIT 

JUDGMENT ON 
POTENTIAL OF INS 

IN1.1  Yes, in accordance with 
international standards. 

States’  commitments, 
obligations and policies 

established 

Compliant 

IN1.2 Yes, based on expert judgment. Institutional structural 
arrangements in support 

of PR have been 
considered accordingly 

Compliant 

IN2.1  Attractiveness based on NM 
characteristics considered in 

design of INS and found 
acceptable low based on expert 

judgment 

NM quality Compliant 

IN2.2  About the same as in a PWR NM quantity Compliant 

IN2.3  About the same as in a PWR NM classification Compliant 

IN2.4  The same as in a PWR Nuclear technology Compliant 

IN3.1  Based on expert judgment equal 
or better than existing facilities 
meeting international state of 

practice. 

Accountability Compliant 



 

 

IN3.2  Based on expert judgment equal 
or better than existing facilities 

meeting international best 
practice. 

Amenability Compliant 

IN3.3  Based on expert judgment equal 
or better than existing facilities. 

Detectability of NM Compliant 

IN3.4  Based on expert judgment equal 
or better than existing designs, 

meeting international best 
practice. 

Difficulty to modify 
process. 

Compliant 

IN3.5  Based on expert judgment equal 
or better than existing designs, 

meeting international best 
practice. 

Difficulty to modify 
facility design. 

Compliant 

IN3.6  Based on expert judgment equal 
or better than existing designs, 

meeting international best 
practice. 

Detectability to misuse 
technology or facilities. 

Compliant 

INDICATOR 
INDICATOR VALUE ACCEPTANCE        

LIMIT 
JUDGMENT ON 

POTENTIAL OF INS 

IN4.1  All plausible acquisition paths 
are covered by extrinsic 

measures on the facility or State 
level and by intrinsic features, 

which are compatible with 
other design requirements. 

The extent by which the 
INS is covered by 

multiple intrinsic features 
and extrinsic measures. 

Compliant 

IN4.2  Robustness is sufficient based 
on expert judgment. 

Robustness of barriers 
covering each acquisition 

path. 

Compliant 

IN5.1  Yes PR has been taken into 
account as early as 

possible in the design 
and development of the 

INS. 

Compliant 

IN5.2  Minimal total cost for all of the 
intrinsic features and extrinsic 

measures implemented to 
increase PR over the life cycle 

of the INS. 

Cost of incorporating 
into an INS those 

intrinsic features and 
extrinsic measures, 

which are required to 
provide or improve 

proliferation resistance. 

Compliant 

IN5.3 Yes Verification approach 
with a level of extrinsic 

measures agreed to 
between the State and 
verification authority 

(e.g. IAEA, regional SG 
organization, etc.) 

Compliant 

 
 
 
 



 

 

5.7.4 Global consideration:  Judgment on the potential of the INS based on FBNR 
 
With regard to the reactor safety area FBNR reactor, Table 5.8.2.1 indicates that the values of 
only 29 out of 38 indicators are acceptable (76%) and 9 others have potential to be acceptable 
(24%). The relatively high percentage of acceptable results in the performed judgment reflects 
that, despite the project’s low level of maturity (conceptual stage), the FBNR innovative 
design is compliant with most of the Basic Principles of the reactor safety area of INPRO 
methodology. 
 
Regarding the proliferation resistance area, the assessment results in Table 4.3.1 indicate that 
all indicators are acceptable.  Therefore the FBNR design complies with the Basic Principle of 
the proliferation resistance area of INPRO methodology. 
 

5.8 Feedback from the Application to the INPRO Methodology 
 

5.8.1 General considerations 
 
From the application of the methodology a few comments are in order as summarized below:   
 
·  official studies concerning energy policies, scenarios and regulatory issues issued by 

national authorities are of major importance for performing assessments that will be of use 
for the various categories of stakeholders; 

 
·  the maturity of the INS designs greatly influence the judgment on the INSs potential and 

the usefulness of the assessment results; 
 
·  the availability of complete technical and economic data from the INS designers (the 

technology holders) are vital for performing valuable assessments;  
 
·  The (numerical and logical) acceptance limits should be based, to the extend possible, on 

design data from evolutionary generation III reactors and from fuel cycle technologies 
already demonstrated (at least in prototype scale) AND should be incorporated into 
INPRO methodology and Manual.  The specification of the acceptance limits for the 
indicators eventually introduced by individual assessors should obey the same criterion. 
This procedure shall harmonize the demands on any INSs when assessed by different 
assessors/countries, something that is desirable in principle. 

 

5.8.2 Feedback from the assessment of FBNR reactor 
 
As already recognized, not always the criteria of INPRO Manual can be evaluated effectively, 
as this depend of the development stage of the reactor design being assessed, if conceptual, 
completed or already in operation.  In the FBNR case, for instance, it is not possible to detail 
more than what had been presented in Annexes I and II, since in its current preliminary 
conceptual stage it is not possible to derive numerical values for many of the proposed 
indicators. 
 
 



 

 

5.9 R&D Proposals and Institutional Measures for Further Improvement of the Assessed 
INS 

 

5.9.1 General considerations 
 
Some proposals for carrying out research and development (R&D) work for improvement of 
the FBNR reactor designs with regard to the area of reactor safety are given below.  
 
With regard to proliferation resistance, the judgment on the potential of FBNR to fulfill the 
corresponding criteria was highly favorable, so that no additional development is suggested 
for this area at this moment.  What seems necessary is to perform the experimental and 
computational work which has been already envisaged to complete the development of the 
design and to ensure the feasibility of the project. 
 

5.9.2 R&D proposals for FBNR reactor 
 

The fixed bed suspended core reactor concept incorporates radical conceptual changes in 
design approaches and system configurations in comparison with existing practice and would, 
therefore require adequate R&D, feasibility tests and a prototype or demonstration plant to be 
implemented before launching the FBNR into series production.  A list of enabling 
technologies for FBNR and their development status is compiled at the next section.   The list 
encompasses the needs of all design areas and not only those assessed in this study namely, 
safety of the nuclear power plant and proliferation resistance. 
 

5.9.3 Enabling technologies and their development status 
 
TABLE 5.9.3.1 ENABLING TECHNOLOGIES AND THEIR DEVELOPMENT STATUS 

Design area Enabling technology Development status 
Fabrication of 

CERMET 
fuel elements 

 

Fabrication technology for 15 mm 
diameter spherical CERMET fuel 

elements. 
 
 

The US Pacific Northwest 
National Laboratory (PNNL) has 

already developed such fuel 
elements.    Now these fuel 
elements need to go under 
irradiation tests and post-

irradiation examinations.  Since 
the irradiation can be performed 
for small batches of spherical 

fuel elements, it could be 
performed in various facilities 
already available around the 

world. 
 

Long term 
reactivity 
Control. 

Method of securing reserve reactivity by 
fresh fuel insertion as well as the use of 

Burnable poison. 

It is planned to use the existing 
control rod drive technology to 

design fuel limiter drive. 
 

Pump control. The normal state is “switched off” . The 
pump is “on”  when all signals from all 

detectors governing the operating 

R&D planned. 



 

 

conditions are simultaneously within the 
design ranges of values. 

 
Neutron physics 

calculations. 
 
 

SCALE system of codes is used. Further calculations are to be 
performed 

Thermal-hydraulic 
calculations. 

 
 

Thermal-hydraulic modelling of a 
suspended core. 

Reliable codes for PWRs exist; 
their applicability to the 

calculation of suspended cores 
needs to be verified. 

Passive 
cooling of 

fuel chamber. 

Passive cooling of fuel chamber by 
natural 

convection of heat to water. 
 
 
 

Calculations to be performed in 
more details. 

Design area Enabling technology Development status 

Study of 
FBNR 

hydraulic 
performance. 

A full size experimental hydraulic 
module made of transparent materials 

using stainless steel balls to simulate fuel 
elements is required to perform testing. 

The module is to be provided with 
instrumentation to measure the basic 
hydraulic parameters such as pressure 

drop as a function of coolant flow 
velocity under different core 

configurations. Videotape of the 
operation is to be made to analyze the 
core behavior under various simulated 

operating & accidental conditions. 
 

R&D and construction of test 
facility are planned. 

Reliability of 
materials 

under long life 
core operation. 

Relevant experience in validation, testing 
and demonstration of fuel and structural 

materials from other designs of small 
reactors without on-site refuelling around 

the world could be used to develop the 
R&D program. 

 

Not started yet. 

 
 

5.9.4 Status of R&D and planned schedule 
 

The program of R&D for FBNR visualizes the following steps: 
 
·  conceptual design development; 
·  construction of a full size non-nuclear hydraulic module to verify the hydraulic 

performance and determine the basic parameters of a suspended core; 
·  performance of neutron physical, thermal-hydraulic, fuel behavior and structural 

calculations; 
·  fabrication and testing of pilot batches of fuel; 



 

 

·  engineering design of a prototype reactor; 
·  performance of a zero power experiment in a nuclear experimental facility; 
·  construction of prototype. 
 
 
Estimate of an overall time frame within which the design could be implemented under 
favorable financing conditions is approximately 5 years.   It is also estimated that about five 
million US dollars is needed to build a zero power prototype of the FBNR to demonstrate the 
concept feasibility. 
 

5.10 Conclusions and Recommendations 
 
This chapter summarizes key conclusions and recommendations made in the preceding 
Chapter 4 with regard to the results of the assessments, feedback for the improvement of 
INPRO methodology and recommendations for future research and development for 
development/improvement of the INS component that has been assessed. 
 

5.11 INS based on FBNR reactor 
 

·  FBNR project is in an initial stage of development and therefore some of INPRO 
indicators could be evaluated qualitatively only; 

 
·  With regard to the reactor safety area, despite the project’s low level of maturity, the 

results indicate a that the values of 29 out of 38 indicators are acceptable (76%) and 9 
others have potential to be acceptable (24%).  The relatively high percentage of acceptable 
results in the performed judgment indicates that, despite the project’s low level of 
maturity, the FBNR innovative design is compliant with most of the Basic Principles of 
the reactor safety area of INPRO methodology. 

 
·  Regarding proliferation resistance, the results indicate that all indicators are in principle 

acceptable.  Therefore the FBNR preliminary design has high potential to effectively 
comply with the Basic Principle of this area of INPRO methodology. 

 
Overall these assessment results indicate that the FBNR innovative design has potential to 
comply mostly with the Basic Principles of reactor safety and proliferation resistance areas of 
INPRO methodology.  
 

5.12 Conclusions and recommendations regarding the INPRO methodology 
 

·  Official studies concerning energy policies, scenarios and regulatory issues issued by 
national authorities are of major importance for performing assessments that will be of use 
for the various categories of stakeholders; 

 
·  the maturity of the INS designs greatly influence the judgment on the INSs potential and 

the usefulness of the assessment results; 
 



 

 

·  the availability of complete technical and economic data from the INS designers (the 
technology holders) are vital for performing valuable assessments;  IAEA should assist the 
interested assessors/INPRO Member States in obtaining such information; 

 
·  the (numerical and logical) acceptance limits for all indicators should be based, to the 

extend possible, on design data from evolutionary (generation III) reactors and from fuel 
cycle technologies already demonstrated (at least, in prototype scale).  The specification of 
acceptance limits eventually introduced by the own assessors should ideally obey the same 
criterion.  This approach will contribute to balance the level of demand of different 
assessors on the same INS; 

 
·  future editions of INPRO Manual, should refer to the same (and complete) INS in the case 

examples inserted at the end of each chapter.  This approach will make the assessors  
better appreciate the holistic nature of INPRO assessment methodology; 

 

5.13 Conclusions and recommendations regarding future R&D 
 

The design of the Fixed Bed Nuclear Reactor is in a preliminary conceptual stage.  Although it 
is based on well known PWR technology, which is already developed and can be purchased, 
at least in principle, in the international market, a list of enabling technologies for 
implementation of the FBNR reactor has been summarized.  The national research and 
development activities are currently centered on the fabrication of CERMET fuel elements, 
chosen as the FBNR fuel.  The US Pacific Northwest National Laboratory has already 
developed such form of fuel elements and may be look after for technical support. 
 
 
 
6. APPENDIX I: Description of the Reference Reactor – Angra 2 

 
I.1. Existing reference reactor – Angra 2 
 
The reference rector for this assessment study is the pressurized water reactor Angra 2 reactor 
(Central Nuclear Almirante Alvaro Alberto, Unit 2, Figure I.1.1), is located next to Angra 1 
(Unit 1) on the Atlantic Coast in a bay at Itaorna in the western extremity of the state of Rio de 
Janeiro near the city of Angra dos Reis.  
 
Designers of plant and containment were KWU Group of Siemens Aktiengesell-schaft (today 
Framatone ANP), Berlin und München, Federal Republic of Germany together with Nuclebrás 
Engenharia S.A. – NUCLEN, today Eletrobrás Termonuclear S.A. – ELETRONUCLEAR, 
Rio de Janeiro. 
 
The main features about this plant are:  
·  Thermal reactor output:      3765 MWt rated power 
·  Electrical output:     1229 MWe  rated power 
·  Number of loops:    4 (four) 
·  Fuel Loading:    30/03/2000 
·  End of Trial Operation:     04/12/2000 
 



 

 

 

Angra 2

Angra 1

 
FIG. I.1.1.  Arrangement of power plants at Angra site 

 

I.2. Description of the nuclear systems 
 
Reactor cooling system 
  
The reactor cooling system (RCS) consists of a reactor and closed reactor loops connected in 
parallel to the reactor pressure vessel, it loop containing a reactor coolant pump and a steam 
generator, Figure I.2.1  The RCS also contains an electrically heated pressurizer. It does not 
include loop isolation valves. 
 

 
FIG. I.2.1.  Reactor cooling system – General View. 



 

 

The reactor pressure vessel forms the anchor point of the reactor coolant system; the steam 
generators and reactor coolant pumps are mounted flexible to accommodate thermal 
expansion.  
 
The entire RCS is composed of leak tight to ensure that all fluids are confined to the system. 
With the following exceptions, the RCS is welded tight: 
·  The double O-rings of the reactor pressure vessel 
·  The pump shaft with its special non-contacting sealing system 
·  The flanged-on control rod drive mechanisms and the penetrations for the in-core 

instrumentation 
·  Manhole and handhole openings in some components (none in the reactor pressure vessel) 
·  Various fittings whose glands are connected to extraction systems, of these seals consist of 

proven components. 
 
 
The reactor coolant pumps, Figure I.2.2, are vertical, electric-motor-driven, single-stage, 
centrifugal pumps. The power supply system to the pump is designed so that adequate coolant 
flow is maintained to cool the reactor core under all conceivable circumstances.  
 
 

 
FIG. I.2.2.  Reactor coolant pump. 

 
The steam generators are vertical U-tube units that contain incoloy tubes that separate the 
reactor coolant from the feedwater-steam circuit. Special moisture separation equipment 
reduces the moisture content of steam to an acceptable level. Figure I.2.3 shows the steam 
generator. 
 
 



 

 

 
 

 
FIG. I.2.3.  Steam generator 

 
The reactor coolant piping and all pressure-retaining surfaces in contact with reactor water are 
stainless steel clad except the steam generator tubes and fuel tubes, which are incoloy and 
zircaloy, respectively. 
 
An electrically heated pressurizer connected to one reactor coolant loop by the surge line 
maintains RCS pressure during normal operation, limits pressure variations during plant load 
transients, and keeps system pressure within design limits during upset operating conditions, 
Figure I.2.4. 
 



 

 

 
FIG. I.2.4.  Pressurizer 

 
The thermo-hydraulic design of the reactor coolant system rules out departure from nucleate 
boiling during authorized operation in the fuel assemblies and also guarantees optimum 
selection of steam generator size and reactor coolant pump power. 
 
 
 



 

 

 
Reactor  core 
  
The reactor pressure vessel, Figure I.2.5, contains the internal core structure, which is the heat 
source of the power plant unit. The reactor core contains the fuel assemblies, the control 
assemblies and the moderator, containing dissolved boric acid. Moderator and reactor cooling 
are identical. 
 
 
 

 
FIG. I.2.5.  Reactor pressure vessel – Internal core structure. 

 
The fuel assemblies are mechanically identical. They have square cross-sections and are 
arranged to match closely the shape of the surrounding cylindrical core barrel. The fuel 
assemblies are held in position horizontally and vertically by the reactor pressure vessel 
internals.  
 
The first core consists of three groups of fuel assemblies; the groups differ by U-235 
enrichment of fuel in the unpoisoned rods. The fuel is low enriched UO2 in form of ceramic 
pellets.  
 



 

 

The fuel assemblies with the highest enrichment are placed in the outer region of the core, the 
remaining fuel assemblies of lower enrichment are arranged in an optimized pattern in the 
central region.  
 
In each of the 193 fuel assemblies the individual fuel rods are arranged in a square grid 
pattern. Each fuel assembly has 16 x 16 = 256 possible fuel rod positions of which 236 are 
occupied by fuel rods and the remaining 20 by guide thimbles. These guide thimbles are 
arranged symmetrically and fairly uniformly over the fuel assembly cross-section; they serve 
to accept and to guide the control rods of the control assemblies, Figure I.2.6. 
 
 

 
FIG. I.2.6.  Core cross-section 

 
The reactor core contains 61 control assemblies with 20 control rods each. The control 
assemblies are used for reactor control and consist of clusters of cylindrical absorber rods. 
Above the core, each cluster of absorber rods representing one control assembly is attached to 
a drive shaft, which is raised and lowered by a drive mechanism mounted on the reactor 
pressure vessel head. On trip the control assemblies fall into the core under gravity. Figure 
I.2.7 shows Angra 2 fuel assembly. 
 



 

 

 
FIG. I.2.7.  Fuel assemblies. 

 
The main properties of the fuel assemblies are:  
 
- Uniformity of the fuel and control assemblies. A control assembly is located into guide tubes 
within a fuel assembly forming a single functional unit.  
- Similarity and symmetry. Each fuel assembly is suitable for the location of a control 
assembly.  
- Completely open fuel assembly. The fuel assembly has no surrounding channel. The 
construction of the spacers promotes the coolant mixing within a fuel assembly and also 
between adjacent assemblies.  
- Exchangeability of fuel rods. Individual fuel rods can be replaced using a fuel assembly 
repair equipment. 
 
 
 
 
 



 

 

Design data 
 
 
Fuel assembly, pump, pressurizer and steam generator design data are shown in Tables I.2.1, 
I.2.2, I.2.3 and Table I.2.4, respectively. 
 
TABLE I.2.1. FUEL ASSEMBLY TECHNICAL DATA 

Fuel assembly  
Length (without holddown spring and centering tube) 4827-1 mm 
Cross section.  Top end piece/Bottom end piece  229.6-0.2/  229.5-0.2   mm 
Fuel rod pitch 14.3 mm 
Number of fuel rods/FA (UO2) 236 
Number of fuel rods/FA (UO2/UO2+Gd2O3) 228/8  or 224/12 
Number of guide thimbles 20 
Number of spacer grids (Zircaloy) 7 
Number of spacer grids (Inconel) 2 
Total weight FA (UO2) Approx.  843 kg 
Total weight FA (UO2/UO2+Gd2O3) Approx.  842 kg  
Fuel rod 
Cladding material Zirconium alloy 
Outside diameter  10.75 �  0.05 mm 
Wall thickness 0.725 �  0.045 mm 
Inside surface roughness Ra (DIN4768) �  1.0 	 m  
Internal void volumes (* )  
Top plenum volume 8.0 + 0.8 cm³ 

                                        - 0.9    
Bottom plenum volume  16.9 + 0.4 cm³ 

                                        - 0.5  
(* )  Values for fuel rods with TIG welding or end plugs.  
In case of RPW (resistance pressure welding) the 
respective plenum increases by 0.2 cm³ 

 

Fill gas  
Type Helium.96  vol % min. 
Pressure 21.5 �  1 bar at 25 °C 
Length of fuel rods 4395-2 mm 
Fuel 
Density of  UO2  pellets 10.40 �  0.15 g/ cm³ 
Density of  UO2/UO2+Gd2O3  pellets 
( 7 w/o Gd2O3) 

10.13 �  0.15 g/ cm³ 

Pellet diameter  9.11 �  0.013 mm 
Pellet length  11 �   1 mm 
Pellet roughness Ra (DIN4768) �  2.0 	 m   
Active length of pellet stack 3900 �   8 mm 
Fuel (cont.) 
Relative volume of dishings Approx. 1% 
Relative volume of open pores Approx. 0,4 % 
Insulating pellet 
Material Al2O3 
Length 11 mm 



 

 

Diameter  9.15 mm 
Fuel rod spring 
Material X7 CrNiAl  17  7 
Length of unloaded spring 183.4 mm 
Mean diameter  9.11 mm 
Wire diameter  1.55 mm 
Number of coils 58 
Spring constant 2.3 N/mm 
Guide thimble 
Material Zircaloy – 4  
Inner diameter  12.40 �  0.04 mm 
Outside diameter  13.80 �  0.03 mm 
Wall thickness 0.70 mm 
Dashpot 
Material  Zircaloy –4  
Inner diameter  10.59 �  0.03 mm 
Outside diameter  13.80 �  0.03 mm 
Wall thickness 1.605 mm 
Spacer grid with split vanes 
Material Zircaloy – 4  
Outer strip thickness 0.55 + 0.05 mm 
Inner strip thickness 0.48 + 0.05 mm 
Spacer grid without split vanes 
Material Inconel  718 
Outer strip thickness 0.42 �  0.013 mm 
Inner strip thickness 0.355 �  0.013 mm 
Top and bottom end pieces 
Material  X6 CrNiTi 18 10 
Hold-down spring 
Material Inconel X –750 
Length of unloaded spring 240.0 mm 
Mean diameter  21.0 mm 
Wiere diameter  5.0 mm 
Number of coils 30 
Spring constant 21.4 N/mm 

 
TABLE I.2.2. REACTOR COOLANT PUMP DESIGN DATA 
Type Single-stage centrifugal pump 

with hydrostatic /hydrodynamic 
shaft seal 

Quantity 4 
Rated capacity (coolant density 0.7445 kg/dm³) 4,700   kg/s 
Discharge head Approx. 89.5 m 
Power at coupling, continuous duty, coolant cold 7,500 kW 
Power at coupling, continuous duty, coolant hot 5,580 kW 
Design temperature 350 °C 
Design pressure  (pe)  175 bar 
Seal water flow Approx. 0.55 kg/s 
-  Leak-off after HP-seal Approx. 0.2 kg/s 



 

 

-  Leak-off after LP-seal Approx. 1 x 10-3  kg/s 
Inlet nozzle 750 mm 
Outlet nozzle 750 mm 
Motor Squirrel cage induction  
Speed 1190 min-1 
Supply voltage 13.2 kV 
Frequency 60 Hz 
Current 398 A 
Pump weight compl. with motor 107.1  Mg 

 
 
 
TABLE I.2.3. PRESSURIZER DESIGN DATA 
Total free volume 65 m³ 
Water volume at full load  Approx.  40.0 m³ 
Steam volume at full load Approx.  25.5 m³ 
Operating temperature   346 °C 
Operating pressure (pe) Approx.  157 bar 
Design temperature 362 °C 
Design pressure (pe) 175 bar 
Installed heater capacity Approx.  2047.5 kW 
Inner diameter  2,600 mm 
Wall thickness 135 mm 
Overall height (outside) Approx.  14,300 mm 
Transport weight  Approx.  137 Mg 

 
 
 
TABLE I.2.4. STEAM GENERATOR DESIGN DATA 
Steam generator 
Number  4 
Type Vertical U-tube  

heat exchanger  
Thermal power output 945.5 MW 
Primary side 
Design pressure (gauge) 175  bar 
Design temperature 350 °C 
Flow rate 4,700 kg/s 
Inlet temperature 326.1 °C  
Outlet temperature 291.1 °C 
Operating pressure (absolute) 158 bar 
Secondary side 
Design pressure (gauge) 87.3  bar 
Design temperature 350 °C 
Main steam flow 512.5  kg/s 
Main steam pressure (absolute) 64.5 bar 
Main steam temperature 280.3 °C  
Feedwater temperature 218.0 °C 
Maximum moisture carryover 0.25 % 



 

 

Diameter of the steam dome (outside) 4,812 mm 
Heat transfer surface area 5,400 m² 
Number of U-tubes 4,106 
U-tube outer diameter  22 mm 
Tube wall thickness, nominal  1.2 mm 
Wall thickness of steam dome 121 mm 
Wall thickness of lower shell 121/100 mm 
Diameter of tube-sheet 3,639 mm 
Thickness of tube-sheet  700 + 6 mm 
Overall height (transportation size) Approx.  21,500 mm 
Net weight Approx.  420 Mg 
Shipping weight Approx.  440 Mg 
Erection weight  Approx.  470 Mg 

 

I .3. Containment descr iption 
 
The containment of a pressurized water reactor plant encloses the reactor coolant system, as 
well as all systems of the reactor plant which contain pressurized reactor coolant, with the 
exception of pipes of a smaller diameter such as instrumentation lines. 
 
Its main function is to prevent inadmissible release of radioactive fission products to the 
environment in the case or loss of coolant accidents. 
 
Therefore the containment structure itself, Figure I.3.1, must be capable to withstand, without 
loss of function, the maximum pressure and temperature loads caused by the worse-case 
accident which is postulated as basis for design. 
 
Additionally the containment structure must also maintain functional integrity in the long term 
following this postulated accident. 
 
 
 
 



 

 

 
 

FIG. I.3.1. Reactor building section – containment. 
 
The containment as well as its internal concrete structures are designed to withstand the loads 
(pressure and temperature build-up) caused by postulated internal accidents. 
 
These postulated accidents involve breaks of high energy pipes including all possible break 
locations and sizes, up to and including the double-ended rupture (2A) of reactor structures: 
- the long-term pressure and temperature time history and 
- the short-term pressure build-up. 
 
The first determines the maximum values of pressure and temperature due to the postulated 
accidents, and these govern the design of the containment shell. The maximum pressure 
remains below the design pressure of the containment by an adequate safety margin, and is 
rapidly reduced after the accidents. 
 
The second deals with the unequal pressures (differential pressure loads) which occur in the 
first few seconds following occurrence of the above accidents, within the individual 
containment compartments. These differential pressure loads are considered in the design of 
the internal concrete structures of the containment and the containment itself. 
 
The containment free volume is 74275 m3 and the containment design pressure is 5.30 bar.   
 
  
 
 



 

 

I .4. Descr iption of turbine generator  plant systems 
 
 
Turbine generator  plant 
 
The turbine generator converts the thermal energy supplied by the main steam system into 
electric energy. 
 
Rated power output at generator terminals is 1356 MW measured at the electric generator 
terminal (for a sea water temperature of 22.8 0C). Turbine generator speed is 1800rpm. 
 
The turbine generator is not important to safety.  
 
The turbine generator is designed for either base load operation or load following operation, 
the primary intended operating mode being base load operation. 
 
The turbine generator is designed to operate trouble-free during normal operating conditions 
as well as under transient operating conditions, Furthermore the effects of grid system short-
circuit are considered in the design of the turbine generator set. Under emergency and faulted 
conditions the turbine protection devices provide the necessary protection for the turbine 
generator equipment. 
 
The turbine generator is designed in accordance with manufacturer’s standards, which 
incorporate applicable German standards and guideline.  
 
The turbine steam system is shown in Table I.4.1. 
 
 
TABLE I.4.1. GENERAL DATA OF TURBINE GENERATOR 
Rated output of generator terminals 
(for a sea water temperature of 22.8 °C) 

1,356  MW 

Generator apparent power 1,458  MVA 
cos phi 0.9 
Rated voltage 25  kV 
Steam pressure at turbine stop valves 61.7  bar 
Steam temperature at turbine stop valves 277.4 °C  
Moisture content of steam at turbine stop valve 0.9953 
Main steam flow rate at rated output 
(without reheat steam flow)  

1,933.6  kg/s 

Condenser pressure 0.0768  bar  
Nominal circulating water inlet temperature 27 °C  
Main cooling water flow through main condenser  73,198  kg/s 
Overall length of turbine generator set  63.5 m 

 
 
Condensate and feedwater  system 
 
The following systems for transport, use, treatment, conditioning and collecting of condensate 
are: 
·  Main Condensate Systems 



 

 

·  Preheater Condensate System  
·  Clean Drains System 
·  Condensate Seal Water System. 
 
The feedwater is supplied to the steam generators by means of two largely independent 
systems capable of handling all conceivable operating and upset conditions: 
·  feedwater system 
·  start-up and shutdowns system. 
 
These systems are supported by a number of further facilities for conditioning and preheating 
the feedwater: 
·  Moisture Separator Drains System 
·  Feedwater tank 
·  Demineralised water supply system. 
 

I .5. Instrumentation and control system 
 
The instrumentation and control concept for the overall plant summarizes all systems, 
equipment and actions necessary in the widest possible sense from process variables sensing, 
signal processing and actuation of measures for annunciation, monitoring, open and closed-
loop, limit control and protection of a process and its relevant power supply. 
 
The design principle for the safety related part is characterized as “defense in depth” . 
 
The idea is to use echelons of defense – consisting of redundant or diverse control systems 
that act progressively as the controlled variable deviates from the desired value. At first, as the 
variable deviates from normal conditions, operational controls take action. Deviations, which 
are not manageable by the closed-loop control, lead to activation of one or more levels of 
limitations prior to the actuation of the protection system as the event develops into an 
accident. 
 
The instrumentation and control system provides equipment to monitor and control the plant 
process. 
 
Various instrumentation and control systems ensure a maximum of safety and availability of 
the plant during normal and accident conditions. The various Instrumentation and Control 
systems can be grouped together in different areas, with different importance and priority 
referring to safety and availability. The design basis of Instrumentation and control systems of 
a certain area takes into account this grade of priority referring to the redundancy, separation 
and so on.  
 
The different areas of Instrumentation and Control systems are listed below in the form of a 
table of hierarchy (priority), showing how the requirements for high safety and availability are 
met: 
 
 
 
 
 



 

 

Reactor  protection system 
 
The reactor protection system monitors and processes the values of process variables relevant 
to the safety of the nuclear power plant and the environment in order to detect incidents and to 
initiate protective actions so that the plant condition is kept within sage limits. 
 
Reactor  limitation systems 
 
The reactor limitation systems actuate the following actions: 
·  To return the value of safety variables to the range of values specified for normal 

operation (protective limitation), 
·  To limit the value of selected process variables in order to increase plant availability 

(operational limitation) and 
·  To limit the value of selected process variables in order to assure accomplishment of the 

initial plant conditions assumed in the safety analysis (condition limitation).  
 
All other  instrumentation and control systems required for  safety 
 
Besides the safety related Instrumentation and control systems, auxiliary systems must be 
started together with them in order to ensure proper operation. Such auxiliary systems are 
exclusively activated by Autonomous Instrumentation and control systems. 
 
Certain components triggered by the reactor protection system are automatically changed-over 
from the unsecured area to the secured area. The change-over is initiated in case those special 
limit values are reached by the Emergency Interlocks. 
 
Control systems 
 
Open and closed –loop control of operating sequences in normal operation are performed by 
particularly automatic establishing and holding of setpoint levels with various systems.   
 
These systems are assigned to plant areas: 
·  Reactor power control system 
·  Steam plant controls 
 
To individual systems: 
·  Reactor coolant system controls  
Or to components: 
·  Operational control systems. 
 
Instrumentation and control systems not impor tant to safety 
 
The instrumentation systems comprise: 
·  In-core instrumentation 
·  Loose parts monitoring system 
·  Vibration monitoring system 
·  Reactor coolant pump shaft orbit monitoring. 
 
Operations management and in particular process control is implemented from a main control 
room. Process sequences are monitored and controlled at this central point, and 



 

 

communication with plant personnel and external parties made possible. In the event of loss of 
control room, the plant can be controlled from an emergency control station. 
 

I .6 Safety concept 
 
The safety philosophy behind the nuclear power plant takes into consideration the special risks 
posed by the presence of nuclear radiation and the generation and accumulation of radioactive 
fission and activation products. The safety features are designed such that the necessary 
degree of occupational radiological protection is ensured at all time and no inadmissible 
quantities of radioactivity will be released to the environment during authorized operation or 
during and after postulated accidents. 
 
In particular, it must be ensured during all operating and accident conditions of the nuclear 
power plant that the following safety objectives will be achieved: 
·  safe shutdown of the reactor and long-term subcriticality 
·  long-term residual heat removal 
·  confinement of radioactivity 
 
About 95 % of the entire activity inventory of the plant is present in the reactor core (although 
this fraction may be reduced to 80 % shortly after refueling), while the remaining 5 % is 
almost exclusively located in the fuel pool. This means that the auxiliary systems outside the 
reactor building (e.g. the gaseous and liquid waste systems) contain negligible activity 
inventories in comparison with the core. It suffices, therefore, to confine the protective barrier 
concept to the reactor building. 
 
The following barriers are provided as so-called passive safety features to protect the 
environment of the nuclear power plant against the escape of radioactive fission and activation 
products: 
·  Fuel matrix 
·  Fuel cladding tube 
·  Reactor coolant system and 
·  Containment. 
 
The purpose of this protective barrier concept is to provide defense-in-depth in that if one 
barrier fails, there is always another barrier available to prevent the release of radioactive 
substances. Verification of the capability of the protective barriers to fulfill their safety-related 
functions is performed either by in-service monitoring (e.g. reactor coolant activity 
measurements) or in-service inspections (e.g. leak-tightness and ultrasonic tests). 
 
Emergency core cooling system 
 
Emergency core cooling (ECC) and residual heat removal are performed by one and the same 
system, the Residual Heat Removal System (RHRS) .The system is designed to remove the 
stored heat of the reactor coolant system and the fission product decay heat from the reactor 
core when heat transfer via the steam generators is no longer possible. This residual heat has 
to be transported to a heat sink both during normal shutdown operation and after an accident.  
 
During normal shutdown operation, the residual heat is removed as follows: 



 

 

·  Down to a reactor coolant temperature of approx. 120 0C, the residual heat is transported 
to the circulating water system via the steam generators and turbine condenser with the 
steam generators being fed by the startup and shutdown pump. 

·  Below  this temperature,  the residual heat is removed by the RHR chain which consists 
of: 
- the Residual Heat Removal System  
- the Safety Component Cooling System 
- the Secured Service Water System 

 
The Fuel Pool Cooling System, which ties into the RHR, has the function of removing the 
heat released from the fuel assemblies which are located in the fuel pool.  In case of external 
event the system also assumes the function of the RHR. 
 
Design basis for  accident 
 
The RHR must be able to control loss-of-coolant accident (LOCA) of any magnitude from a 
small break up to a double-ended break of a reactor coolant line (design basis accident). 
 
The sequence of events and consequences of a LOCA are determined by the location, shape 
and above all, the size of the break. Distinctions must also be made in the countermeasures to 
be taken. The RHRS is therefore divided into various subsystems which meet the specific 
requirements resulting from any break cross-section. 
 
Large break 
 
The design basis accident is defined as the complete severance of a main reactor coolant pipe, 
with the reactor coolant discharging from the system through twice the cross-section of the 
pipe. The pressure of the RCS drops to the equalization pressure within the containment in 
about 20 s. The sequence of the countermeasures actuated to contain this accident is as 
follows: 
·  Core flooding by means of accumulator injection, high-pressure safety injection and low-

pressure safety injection (function performed respectively the accumulators, the safety 
injection (SI) pumps and the RHR pumps). 

 
The accumulators, which automatically inject water into the reactor when its pressure drops 
below the accumulator discharge pressure, are designed to flood, with the aid of the RHR and 
SI pumps, the reactor pressure vessel so quickly that the permissible temperatures in the 
reactor core are not exceeded and that the cladding temperatures drop continuously as 
flooding progresses.  
 
For this purpose, a motive-fluid pressure of 25 bar and a Water volume of 85 m3 that can be 
safely injected into the reactor core are required. Taking into account failure considerations 
and water losses during pressure relief and flooding, the accumulators are designed for 8x34 
m3 of borated water. 
·  Emergency core cooling by low-pressure (LP) safety injection (RHR pump and SI pump 

work in parallel). 
 
After core flooding, the decay heat shall be removed without evaporative cooling. For this 
purpose, a flow through the core of 306 Kg/s is required. 
 



 

 

This flow rate constitutes the design basis of the RHR pumps assuming that only two of the 
pumps are available, and that a part of the flow rate is lost through the leak into the reactor 
building sump without reaching the core. 
 
As this part of the injected flow of water is not involved in core cooling, the sump water is 
cooler than the water in the core. The resulting temperature is below boiling point. 
 
·  Emergency core cooling in the recirculation mode (RHR pumps). When the borated water 

supply available for low-pressure safety injection is exhausted, a sufficient amount of 
water has flowed into the containment sump to allow further heat removal by cooling and 
recirculating this water. This changeover takes place after about 1000 seconds. Account 
has been taken in this case, too, of the fact that the water injected into the affected loop 
section is not available for core cooling. In the recirculation mode, the flow is higher since 
there is no backpressure. 

 
 
 

7. ANNEX I: Criteria on Safety (FBNR) 
 
 
I.1.  Safety Basic Principle BP1 
Installations of an Innovative Nuclear Energy System shall incorporate enhanced defense-in-
depth as a part of their fundamental safety approach and ensure that the levels of protection in 
defense-in-depth shall be more independent from each other than in existing installations. 
 
This basic principle asks that a defense-in-depth (DID) strategy shall be implemented.  There 
are 7 user requirements associated with this basic principle.  Consequently, the reactor should 
not need evacuation measures outside the plant site. 
 
 
I.1.1.  User Requirement UR1.1  
Installations of an INS should be more robust relative to existing designs regarding system 
and component failures as well as operation. 
 
The robustness is achieved through high quality of design, construction and operation 
including human performance.  Additionally the robustness is achieved for FBNR by: 
 
·  Having an integrated primary circuit system where the steam generator is inside the 

pressure vessel and thus avoids the problems due to a possible loop breaks.  This is an 
advantage of FBNR over Angra 2. 

·  Low power density core of FBNR (33.7 MW/m3), results in lower potential danger in 
comparison to Angra 2. 

·  Self-checking passive control system by which the reactor start-up system will be “on” 
position only when all signals from all detectors are within designed values 
simultaneously.  This guarantees safer condition than the one for Angra 2.  

·  The grace period of FBNR is months instead of accepted one-day period for reactors like 
Angra 2.   

·  The FBNR has a high thermal inertia, such that after a loss of flow accident (LOFA), the 
coolant temperature increase is less than 1C after the long grace period, and above all, 



 

 

·  The robustness is achieved by inherent safety characteristics of the reactor. 
 
There are 6 indicators (IN) associated with this user requirement. 
 
Assessment against Indicator IN1.1.1  
Robustness of design (simplicity, margins) 
 
·  The inherent safety characteristic of FBNR is the greatest contributor to its robustness.  
·  The advanced instrumentation and control (I&C) measures all the parameters such as 

temperature, pressure, neutron flux, radiation level, vibration level, etc.  The Reactor 
Protection System (RPS) analyses the adequacy of their values on the basis of their 
absolute values and by cross checking their inter relation consistencies.  RPS assumes 
corrective measures to the reactor operation or ceases to activate the coolant pump causing 
a reactor shutdown.  This passive characteristic of FBNR is superior to the active 
characteristic of Angra 2. 

·  The reactor shutdown is associated with immediate leaving of fuel elements from the 
reactor core and entering into a passively cooled fuel chamber.  The passive cooling of 
residual heat in FBNR is superior to the active cooling of Angra 2. 

·  The core cooling system is simplified by having only one loop with simple components 
instead of 4 loops in Angra 2. 

·  The manufacturing and welding of FBNR are done in the factory, thus higher quality 
products are obtained than those done on the site for Angra 2. . 

 
 These variables make the FBNR very much superior to the Angra 2 reactor. 
 
 
Assessment against Indicator IN1.1.2 
High quality of operation 
 
·  For the FBNR, the plant management organization and the related responsibilities will be 

clearly described.  The technical documentation as well as the monitoring systems 
described in the indicator and training requirements will be available.  

·  The advanced I&C system is digital; all necessary computerized aids to operators (e.g. 
computerized manuals) will exist. 

·   The predicted scram frequency (SF) for the innovative design is expected to be below 0.5 
per year. 

 
 
Assessment against Indicator IN1.1.3  
Capability to inspect. 
 
The capabilities to inspect the FBNR will be that of the state-of-the-art and thus superior to 
that of Angra 2. 
 
 
Assessment against Indicator IN1.1.4 
Expected frequency of failures and disturbances. 
 



 

 

Presently the data on the frequencies are not available.  But due to the implementation of 
passive system and inherent characteristics in FBNR, the expected frequencies for the 
operational state are to be as follows: 
 
TABLE I.1.1. EXPECTED FREQUENCIES OF FAILURES AND DISTURBANCES 

EVENT FBNR 

Loss of heat sink <0.36 per year and unit 
Loss of feed water supply <0.15 
Breaks in reactor coolant pipes >200 cm2. <1.0E-7 
Breaks in reactor coolant pipes 80-200 cm2. <9.0E-5 
Breaks in reactor coolant pipes 2-12 cm2. <2.8E-3 
ATWS during loss of main feed water <4.7E-6 

 
 
Assessment against Indicator IN1.1.5 
Grace period until human actions is required 
 
The FBNR has essentially an infinite grace period.  The fuel chamber can stay passively 
cooled for months permitting about 1 m3 of water to evaporate from the fuel chamber tank.  
This is a great advantage of FBNR over Angra 2.   
 
Assessment against Indicator IN1.1.6 
Inertia to cope with transients 
 
The FBNR has a relatively large water inventory and a low power density and thus a large 
thermal inertia.  This is an advantage of FBNR over Angra 2. 
 
I.1.2.  User Requirement UR1.2 
Installations of an INS should detect and intercept deviations from normal operational states 
in order to prevent anticipated operational occurrences from escalating to accident 
conditions. 
 
FBNR utilizes an advanced control system with passive reactor safety protection.  The system 
does not depend on expensive redundancy and diversity strategies, but depend mainly on the 
sophisticated analysis of inter related input signals.  It is a passive control system having “off”  
as its normal condition.  It activates the reactor pump when all the input signals are within the 
accepted range of operation.  This causes a superior safety characteristic for FBNR compared 
to Angra 2. 
 
Assessment against Indicator IN1.2.1 
Capability of I&C system and/or inherent characteristics to detect and intercept and/or 
compensate such deviations.  
 
The advanced instrumentation and control ( I&C) and the passive reactor protection system 
(RPS) will acquire, process and inter relate the input data in such a sophisticated manner that 
they will detect, intercept, and compensate any deviation.  The inherent safety characteristics 
of FBNR make this more achievable than for Angra 2. 
 
 



 

 

I.1.3.  User Requirement UR1.3 
The frequency of occurrence of accidents should be reduced, consistent with the overall safety 
objectives. If an accident occurs, engineered safety features should be able to restore an 
installation of an INS to a controlled state, and subsequently (where relevant) to a safe 
shutdown state, and ensure the confinement of radioactive material. Reliance on human 
intervention should be minimal, and should only be required after some grace period. 
 
The passive design features of FBNR achieve all the fundamental safety functions.  These 
include passive shutdown, and passive decay heat removal.  There exists an important fact that 
essentially a high temperature reactor fuel (HTGR) is being used as the fuel for a relatively 
low temperature reactor (PWR), thus leaving a great margin of safety.  This itself puts the 
FBNR in a higher safety level than Angra 2. 
 
Assessment against Indicator IN1.3.1 
Calculated frequencies of occurrence of design basis accidents 
 
Data for frequencies of occurrence as well as reliability data of engineered safety systems are 
to be evaluated. 
 
Assessment against Indicator IN1.3.2 
Grace period until human intervention is necessary 
 
For the FBNR the grace period is almost infinite.  There is no need for emergency power 
supply as there are no active system for residual heat removal, except a small supply of 
electricity from a battery for the I&C and RPS systems.  This puts FBNR in a superior 
position as there is no need to be concerned about how and from where feed electricity to the 
emergency cooling pumps for active cooling of residual heat in Angra 2 core. 
 
Assessment against Indicator IN1.3.3 
Reliability of engineered safety features 
 
Due to the use of advanced I&C and passive RPS systems, the reliability of engineered safety 
systems is higher for the FBNR in comparison with the conventional reactors such as    Angra 
2. 
 
Assessment against Indicator IN1.3.4 
Number of confinement barriers maintained 
 
The number of confinement barriers is many more than the Angra 2.  The fuel element of 
FBNR itself has 5 claddings instead of one cladding in the case of Angra 2.  The layers are 
porous graphite, dense graphite, silicon carbide, graphite matrix, and the last layer is silicon 
carbide again.  Then we have the boundary of the reactor coolant system, and finally the 
underground containment system.  The underground containment is envisaged mainly for 
protecting against visual effects and presenting the nuclear power plant as a garden like 
surrounding compatible with pleasant environment. 
 
Assessment against Indicator IN1.3.5 
Capability of the engineered safety features to restore the INS to a controlled state (without 
operator actions). 
 



 

 

For the FBNR, the controlled state is automatically and instantaneously reached with high 
reliability.  The governing laws of gravity and natural convection guarantee this fact.  This 
characteristic makes FBNR superior to Angra 2. 
 
Assessment against Indicator IN1.3.6 
Sub-critically margins 
 
The shut down reactivity margin of FBNR is 100 % 
 k/k as under a scram condition, the fuel 
elements leave the core and enter the fuel chamber.  Thus the FBNR core becomes empty of 
any fuel.  This movable core feature makes FBNR totally safer than Angra 2 since where there 
is no fuel there is no potential danger.  
 
 
I.1.4.  User Requirement UR1.4 
The frequency of a major release of radioactivity into the containment / confinement of an INS 
due to internal events should be reduced. Should a release occur, the consequences should be 
mitigated. 
 
Assessment against Indicator IN1.4.1 
Calculated frequency of major release of radioactive materials into the containment / 
confinement based on frequency calculated for a highly degraded core. 
 
They are to be calculated expecting the fulfillment of acceptance limit of well below 10-5/year 
and unit recommended by IAEA.  The indications are to obtain better results for FBNR 
compared to Angra 2. 
 
 
Assessment against Indicator IN1.4.2 
Natural or engineered processes sufficient for controlling relevant system parameters and 
activity levels in containment/confinement 
 
The natural or engineered processes for FBNR are similar to Angra 2. 
  
 
Assessment against Indicator IN1.4.3 
In-plant severe accident management 
 
The severe accident management measures in the FBNR are essentially unnecessary.  The 
reactor has the characteristics of inherent safety and passive cooling and hardly a severe 
accident is envisaged.  This is another advantage of FBNR compared to Angra 2. 
 
I.1.5.  User Requirement UR1.5 
A major release of radioactivity from an installation of an INS should be prevented for all 
practical purposes, so that INS installations would not need relocation or evacuation 
measures outside the plant site, apart from those generic emergency measures developed for 
any industrial facility used for similar purpose. 
 
The FBNR is projected to be a small reactor without on-site refuelling.  It is to furnish energy 
at the local of consumption that can be in an urban area.  The inherent safety and passive 
cooling characteristics of the FBNR makes it almost impossible any hazardous situation.  



 

 

Therefore, it is projected in such a manner that there will be no need for an off-site emergency 
plan as is needed for Angra 2. 
 
 
Assessment against Indicator IN1.5.1 
Calculated frequency of a major release of radioactive material to the environment. 
 
A major release of fission products from the FBNR core into the containment is practically 
impossible.  However, the frequency for a major release of radioactivity into the environment 
will be evaluated and is expected to be much below the 1.0E-6 per unit-year . 
 
Assessment against Indicator IN1.5.2 
Calculated consequences of release (e.g. dose) 
 
The dose values outside the vicinity of the plant are to be calculated.  It is expected to show 
that there will be no need for provision of evacuation or relocation outside the plant site.  
 
Assessment against Indicator IN1.5.3 
Calculated individual and collective risk 
 
A comparison of several energy productions has been performed based on the “ Years of Life 
Lost (YOLL)” , see Indicator 1.5.3. It has been shown that for nuclear energy production with 
the requirement – no evacuation and no relocation – very low risks for the public exist. 
 
The FBNR clearly fulfils the corresponding acceptance limit of having a risk comparable to 
other facilities used for similar purpose. 
 
 
I.1.6.  User Requirement UR1.6 
An assessment should be performed for an INS to demonstrate that different levels of defense-
in-depth are met and are more independent from each other than for existing systems. 
 
 
Assessment against Indicator IN1.6.1 
Independence of different levels of DID 
 
Due to the use of passive safety systems the different levels of the DID are more independent 
for the FBNR than for Angra 2.   
 
 
I.1.7.  User Requirement UR1.7 
Safe operation of installations of an INS should be supported by an improved Human Machine 
Interface resulting from systematic application of human factors requirements to the design, 
construction, operation and decommissioning. 
 
 
Assessment against Indicator IN1.7.1 
Evidence that human factors (HF) are addressed systematically in the plant life cycle. 
 



 

 

The methodology regarding human factors is state-of-the-art for the FBNR.  Due to passive 
nature of the control system, the human factor can only lead to the shut down the reactor and 
never can over ride the system to cause a reactor accident.  
 
Assessment against Indicator IN1.7.2 
Application of formal human response models from other industries or development of 
nuclear-specific models. 
 
The models to be used for the FBNR are state-of-the-art which implies data from other 
industries will be used to the extend possible. 
 
I.2.  Safety Basic Principle BP2 
Installations of an INS shall excel in safety and reliability by incorporating into their designs, 
when appropriate, increased emphasis on inherently safe characteristics and passive systems 
as a part of their fundamental safety approach. 
 
This principle focuses on the role of inherent safety and passive safety features of the 
innovative reactors.  “A plant has an inherently safe characteristic against a potential hazard if 
the hazard is rendered physically impossible.  An inherent safety characteristic is achieved 
through the choice of nuclear physics, and the physical and chemical properties of nuclear 
fuel, coolant and other components.“      
 
I.2.1.  User Requirement UR2.1 
INS should strive for elimination or minimization of some hazards relative to existing plants 
by incorporating inherently safe characteristics and/or passive systems, when appropriate. 
 
Assessment against Indicator IN2.1.1 
Stored energy, flammability, criticality, inventory of radioactive materials, available excess 
reactivity, and reactivity feedback 
 
The acceptance limits are to be fulfilled  – in general. 
 
Assessment against Indicator IN2.1.2 
Expected frequency of abnormal operation and accidents 
 
See assessment in 5.1.1.4 and 5.1.3.1 
 
Assessment against Indicator IN2.1.3 
Consequences of abnormal operation and accidents 
 
For the FBNR the consequences of abnormal operation and accidents without a highly 
degraded core are to be calculated, but all elements indicate to be much lower than for   Angra 
2. 
 
Assessment against Indicator IN2.1.4 
Confidence in innovative components and approaches 
 
This is to be evaluated.  
 
 



 

 

I.3.  Safety Basic Principle BP3 
Installations of an INS shall ensure that the risk from radiation exposures to workers, the 
public and the environment during construction/commissioning, operation, and 
decommissioning, are comparable to the risk from other industrial facilities used for similar 
purposes. 
 
I.3.1.  User Requirement UR3.1 
INS installations should ensure an efficient implementation of the concept of optimization of 
radiation protection through the use of automation, remote maintenance and operational 
experience from existing designs. 
 
Assessment against Indicator IN3.1.1 
Occupational dose values 
 
It can be expected that the annual dose during normal operation and maintenance will be much 
below a value of 0.25 man Sv based on existing operating experience. Source terms will be 
minimized as well as optimal layout features regarding contributions to the collective doses. 
The FBNR will have a more maintenance-friendly design compared to Angra 2. 
 
III.3.2.  User Requirement UR3.2  
Dose to an individual member of the public from an individual INS installation during normal 
operation should reflect an efficient implementation of the concept of optimization, and for 
increased flexibility in siting may be reduced below levels from existing facilities. 
 
Assessment against Indicator IN3.2.1  
Public dose values 
 
Calculations for the FBNR are to be performed.  It is expected that the doses outside the 
vicinity of the plant are much below those requiring evacuation and relocation. 

 
 
I.4.  Safety Basic Principle BP4  
The development of INS shall include associated Research, Development and Demonstration 
work to bring the knowledge of plant characteristics and the capability of analytical methods 
used for design and safety assessment to at least the same confidence level as for existing 
plants. 
 
I.4.1.  User Requirement UR4.1 
The safety basis of INS installations should be confidently established prior to commercial 
deployment 
 
Assessment against Indicator IN4.1.1  
Safety concept defined 
 
The FBNR is a small reactor without on-site refuelling having market all around the world and 
in particular in the developing countries.  Thus in the first place, the IAEA guidelines and 
rules are to be met. Consequently will meet most of the other national rules.  
 
Assessment against Indicator IN4.1.2  
Design-related safety requirements specified 



 

 

 
Design-related requirements will be specified. 
Assessment against Indicator IN4.1.3  
Clear process for addressing safety issues 
 
Safety issues will be addressed and reviewed. 
 
I.4.2.  User Requirement UR4.2 
Research, Development and Demonstration on the reliability of components and systems, 
including passive systems and inherent safety characteristics, should be performed to achieve 
a thorough understanding of all relevant physical and engineering phenomena required to 
support the safety assessment. 
 
Assessment against Indicator IN4.2.1  
RD&D defined and performed and database developed 
 
For the FBNR, the model tests in a reduced scale and later on at full scale will be performed. 
 
Assessment against Indicator IN4.2.2  
Computer codes or analytical methods developed and validated 
 
Computer codes for the operational and accidental behavior of FBNR will be developed. 
 
Assessment against Indicator IN 4.2.3  
Scaling understood and/or full-scale tests performed 
 
It is planned to test all passive safety systems or components in full scale  
 
I.4.3.  User Requirement UR4.3 
A reduced-scale pilot plant or large-scale demonstration facility should be built for reactors 
and/or fuel cycle processes, which represent a major departure from existing operating 
experience. 
 
Assessment against Indicator IN4.3.1  
Degree of novelty of the process. 
 
The FBNR basically utilizes the PWR technology and uses the HTGR type fuel elements. The 
novelty is the concept of the suspended core.  Therefore, FBNR essentially uses proven 
technologies. 
 
Assessment against Indicator IN4.3.2  
Level of adequacy of the pilot facility 
 
For the FBNR a simple pilot plant will be constructed. 
  
I.4.4.  User Requirement UR4.4  
For the safety analysis, both deterministic and probabilistic methods should be used, where 
feasible, to ensure that a thorough and sufficient safety assessment is made. As the technology 
matures, “ Best Estimate (plus Uncertainty Analysis)”  approaches are useful to determine the 
real hazard, especially for limiting severe accidents. 



 

 

 
Assessment against Indicator IN4.4.1  
Use of a risk informed approach 
 
The risk informed approach will be used for some design features and inspections.  
 
Assessment against Indicator IN4.4.2  
Uncertainties and sensitivities identified and appropriately dealt with 
 
To the extend needed, uncertainty and sensitivity analyses will be performed for the FBNR, 
especially for the reliability of passive systems. 
 
 

8. ANNEX II: Criteria on Proliferation Resistance (FBNR) 
 
II.1.  Introduction 
 
Under the present world condition, the first priority of the governments of the world in 
relation to nuclear energy is non-proliferation and safeguard of the nuclear reactors.  This 
provides a challenge for humanity to come up with a fool proof nuclear reactor concept.   
 
This work is done with the spirit of screening the FBNR reactor.  The screening means 
assessing whether the FBNR complies with the INPRO criteria described in the documents 
IAEA TECDOC-1434 [IV-1] and IAEA TECDOC-1575 [IV-2].  
 
The FBNR is meant to be developed by an international entity such as WONEC (see appendix 
A) under the auspices of the IAEA and be deployed anywhere in the world.  Therefore, the 
extrinsic measures will be taken care of by the acquiring country observing all of the IAEA 
requirements.  Here, the emphasis is put on demonstrating the adequacy of the intrinsic 
features of the FBNR to the INPRO requirements.    
 
II.2.  Brief Reactor Description 
 
FBNR is a small reactor without on-site refueling with no fresh and spent fuel being stored at 
the site for a long time during its service life.  It also ensured difficult unauthorized access to 
fuel during the whole period of its presence at the site and during transportation, and design 
provisions are taken to facilitate the implementation of safeguards.  FBNR will be factory 
produced and fueled and brought back to the factory for refueling after its fuel lifetime 
expires.  FBNR fuel chambers are fabricated, fueled, and sealed in the factory under the 
supervision of the IAEA safeguard program.  The fuel chamber is taken to the site and 
installed in the reactor and will return to the factory as sealed for refueling.   
 
The 15 mm diameter spherical fuel elements are stored in the reactor’s fuel chamber.  The fuel 
elements, through the flow of coolant, move up into the reactor core when the reactor is in 
operation.  Under a reactor shut-down or any accident condition, the fuel elements fall out of 
the core by the force of gravity and become stored in the fuel chamber and remain in 
subcritical and passively cooled conditions.  The fuel chamber is made of a helical tube 
having a grid in its lower part and a flange in the upper part.  The fuel chamber is flanged to 
the reactor and sealed by the safeguard authorities. 



 

 

 
It is envisaged that FBNR is a foolproof reactor against nuclear proliferation.  The diversion 
of fuel is obviously impossible when the reactor is operation; therefore, care must be taken 
only during refuelling.  The procedure involves bringing the fuelled fuel chamber from the 
factory to the site and (1) connect it the fuel chamber to the reactor, (2) seal the flange by the 
safeguard authorities, (3) have a camera focused on the seal, and programs it to film only 
when the reactor is shut down.  This procedure should assure the safeguard of the nuclear fuel. 
 
II.3.  Basic concepts regarding proliferation resistance  
 
The proliferation resistance is that characteristic of the reactor that impedes the diversion or 
undeclared production of nuclear materials by a country with the intention of acquiring 
nuclear weapons.  The degree of proliferation resistance results from intrinsic features and 
extrinsic measures.  Intrinsic proliferation resistance features result from the technical design 
of the reactor.  Extrinsic proliferation resistance measures are those measures that result from 
country’s decision and undertakings.  Safeguard is an extrinsic measure comprising legal 
agreements between the countries and the IAEA.   
 
According to INPRO definitions, intrinsic proliferation resistance features are those features 
that result from the technical design of nuclear energy systems, including those that facilitate 
the implementation of extrinsic measures.  Extrinsic proliferation resistance measures are 
those measures that result from States’  decisions and undertakings related to nuclear energy 
systems.  Safeguards is an extrinsic measure comprising legal agreements between the party 
having authority over the nuclear energy system and a verification or control authority, 
binding obligations on both parties and verification using, inter alia, on site inspections. This 
term has different meanings depending on context.  Here “safeguards”  refers to IAEA 
safeguards implemented under Safeguards Agreements between a State and the IAEA.  The 
term “ Regional safeguards”  are used to refer to a regime of independent international 
verification of commitments made by States within Regional Agreements. 
 
A comprehensive analysis of the robustness of the proliferation resistance measures should be 
undertaken to determine the degree of proliferation resistance provided by the intrinsic 
features. Such an analysis would guide the application of extrinsic measures necessary to 
supplement the intrinsic features.   
 
The first type of intrinsic proliferation resistance feature consists of the technical features of a 
nuclear energy system that reduce the attractiveness for nuclear weapons programs of nuclear 
material during production, use, transport, storage and disposal. 
 

·  For FBNR, this is accomplished by denaturing of the fuel. 
 
The second type of intrinsic proliferation resistance feature comprises the technical features of 
a nuclear energy system that prevent or inhibit the diversion of nuclear material.  
 

·  For FBNR, this is accomplished by sealing the fuel chamber. 
 
The third type of intrinsic proliferation resistance feature consists of the technical features of a 
nuclear energy system that prevent or inhibit the undeclared production of direct-use material.  
 

·  For FBNR, this is accomplished by coating the vessel by a neutron absorber material. 



 

 

 
The fourth type of intrinsic proliferation resistance feature consists of the technical features of 
a nuclear energy system that facilitate verification, including continuity of knowledge.  
 

·  For FBNR, this is accomplished by the use of a TV camera to do the surveillance of 
the fuel chamber. 

 
All four types of intrinsic features of FBNR make a great reduction of costs and efforts of 
international safeguards implementation.   
 
There are five types of extrinsic proliferation resistance measures.  The first is the country’s 
commitment to non-proliferation.  The second category is the agreement between the 
exporting and importing countries about the use of the reactor.  The third category consists of 
commercial, legal or institutional agreements on access to materials.  The fourth category is 
application of IAEA verification measures.  The fifth consists of legal arrangements against 
violations of non-proliferation.  The countries utilizing FBNR are obliged to agree on all the 
IAEA safeguard requirements. 
 
There are one basic principle (BP) and 5 user requirements (UR) concerning the assessment of 
proliferation resistance of the innovative reactors.  This BP emphasizes the importance of both 
intrinsic features and extrinsic measures.  
 
II.4.  Basic principle BP1:  
 
Proliferation resistance intrinsic features and extrinsic measures shall be implemented 
throughout the full life cycle for innovative nuclear energy systems to help ensure that INSs 
will continue to be an unattractive means to acquire fissile material for a nuclear weapons 
program.  Both intrinsic features and extrinsic measures are essential, and neither shall be 
considered sufficient by itself. 
 
I I .4.1.  User requirement UR1: States' commitments, obligations and policies regarding 
nonproliferation and its implementation should be adequate to fulfill international standards 
in the non-proliferation regime. 
 

·  This is guaranteed as the FBNR will possibly be commercialized by the World Nuclear 
Energy Company (WONEC) that will function fully under the auspices of the IAEA 
(see appendix A).  

·   The IAEA is a stakeholder and will guarantee execution of any commitment. 
 

I I .4.2.  User requirement UR2: The attractiveness of nuclear material and nuclear 
technology in an INS for a nuclear weapons program should be low. 
 

·  If the U- Pu cycle is utilized, one can increase the Pu-238 concentration by adding Np 
to the fresh fuel.  From a certain concentration of Pu-238 on (~ 8%) , the alpha decay 
heat is so strong that the metallic Pu-sphere, as well as the surrounding chemical 
explosives, in a nuclear device become plastic or even melts so that the fuel of the 
reactor at any time is not useful for weapons.  Thus, the combination of sealing the 
fuel chamber of the reactor and the isotopic denaturing of the irradiated fuel will 
additionally make it unattractive for misuse and increases its proliferation resistance.   



 

 

·  The reactor core is surrounded by a jacket of downward flowing water, thus there is 
insufficient neutron leakage for irradiation purposes outside the pressure vessel.  The 
reactor vessel may be cladded by neutron absorbing materials, if necessary, to 
eliminate the possibility of neutron irradiation to any external nuclear material.   

·  The isotopic denaturing of the fissile fuel, both in the U-233/Thorium cycle as well as 
for the classical Pu-239/Uranium cycle, would further increase the proliferation 
resistance as it will require isotope separation technology to produce weapon grade 
materials. 

 
I I .4.3. User requirement UR3: The diversion of nuclear material should be reasonably 
difficult and detectable. 
 

·  The FBNR will not be refuelled on the site and the refuelling is done in the factory.  
The fuel elements are confined in the fuel chamber.  The FBNR modules are 
fabricated, fuelled, and sealed in the factory under the supervision of the IAEA 
safeguard program.   They are taken to the site and installed in the reactor and the 
spent fuel chamber will return to its final destination as sealed.  The fuel chamber is 
stored in a passively cooled intermediate storage at the reactor site before going to the 
final disposal site or to the reprocessing plant or any other future destination. This 
should assure the safeguard of the nuclear fuel.  

·  The sealing of the fuel chamber permits the control at any time from “cradle to grave”  
allowing the continuity of knowledge (COK) about the fuel that guarantees an 
effective surveillance.  

 
I I .4.4. User requirement UR4:   Innovative nuclear energy systems should incorporate 
multiple proliferation resistance features and measures. 
 

·  The non-proliferation characteristics of FBNR are based on both the extrinsic 
measures and the intrinsic concept of isotope denaturing and sealing.  Its fuel elements 
are confined in a fuel chamber that can be sealed by the authorities for inspection at 
any time.  Only the fuel chamber is needed to be transported from the fuel factory to 
the site and back.  There is no possibility of neutron irradiation to any external fertile 
material.  Isotopic denaturing of the fuel cycle either in the U-233/Th or Pu-239/U 
cycle increases the proliferation resistance substantially.  Therefore, both concepts of 
“sealing”  and “ isotope denaturing”  contribute to the fool proof non-proliferation 
characteristics of the proposed reactor.   

·  Adopting a thorium cycle as an intrinsic measure will hinder the possibility of misuse 
of nuclear materials for nuclear weapons.  The mixing of thorium with low enriched 
uranium or plutonium results in the production of U-233 that is diluted along with U-
235 in U-238.  The access to uranium-233 will only be possible through isotope 
separation techniques.  Additionally the production of gamma emitting Tl-208 in the 
thorium cycle is hindrance to nuclear proliferation.    

·  Both intrinsic features and extrinsic proliferation resistance measures are provided.  
The Continuity of Knowledge (COK) and the communication between stakeholders 
are facilitated due to the nature of the design. 

 
I I .4.5. User requirement UR5: The combination of intrinsic features and extrinsic measures, 
compatible with other design considerations, should be optimized in the  design / engineering 
phase to provide cost-efficient proliferation resistance. 
 



 

 

····  The proposed reactor meets the INPRO requirements for non-proliferation. The 
concept is based on both sealing of the fuel chamber and denaturing of the fuel itself. 

····  Cost to incorporate these intrinsic features and safeguard the FBNR is minimum. 
····   The FBNR can be considered as a fool proof reactor against nuclear proliferation that 

the present world is looking for to be assured of both safety and safeguard.  
····   The establishment of Multilateral Fuel Cycles (perhaps on a regional basis) will be of 

benefit to the deployment of many advanced reactors independent of their particular 
type. Specifically, an option for fuel or nuclear power plant leasing coupled with an 
option of Multilateral Fuel Cycles may be of essential benefit for the deployment of 
such reactors in many developing countries that are embarking on a nuclear program 
without having a sufficient nuclear infrastructure.  The WONEC considers the 
implementation of this idea.  

 
 
 

9. ANNEX III:  World Nuclear Energy Company (WONEC) 

 
The existing nuclear power infrastructures and legal institutions can be used in deploying the 
proposed FBNR reactor concept.  The reactor fulfills the objectives of electricity generation, 
steam production for industrial applications and water desalination. 
 
It is desirable that an institution such as World Nuclear Energy Company (WONEC) be 
formed to become a catalyst in organizing and coordinating the world-wide existing and to-be-
created scientific, technological and industrial elements in order to supply the world with 
clean and safe nuclear energy. WONEC can supply the world with the proposed inherently 
safe nuclear reactor and be responsible for its entire fuel cycle. It is to function as a 
commercial as well as scientific venture with highest international standard. Its shares may be 
freely traded in the international financial market.  WONEC is to operate under auspices of 
the International Atomic Energy Agency (IAEA). WONEC by the nature of its policies, 
compositions, and adopted legal and ethical values can have the conditions and credibility to 
supply the world with nuclear energy and create public confidence in nuclear energy. 
 
The research and development needed are to be performed by the participation of all the 
interested companies and research organizations of the world. It is to be done in a true spirit of 
international cooperation and service to humanity. Nuclear technology no longer is a 
monopoly of any single or group of nations and to various degrees most nations posses them. 
A new method of consultation and decision making process will be applied in order to 
safeguard the interest of all.  The participants will not need to control WONEC to have their 
interests guaranteed.  The project is to remain a totally scientific, industrial, and economic 
venture, avoiding dominating national politics, and remain in conformity with the spirit of the 
new age and the presently growing international desire for world peace. 
 
The developing countries are expected to show great interest in participating in WONEC since 
in this way they will acquire nuclear power without the fear of being exploited by the vendors 
or making very large investments for an independent national nuclear program.  The 
industrialized countries are expected to support the idea as well, since by participation in 
WONEC they will benefit from the sales of their technologies to WONEC and partake in a 
very large nuclear reactor sales market worldwide.  Also the problem of nuclear proliferation 



 

 

that is of their great concern will be under control.  The WONEC is to operate in the spirit of 
the new era providing the citizens of the world with clean and safe nuclear energy. 
 
 
Par ticipation of var ious countr ies around the wor ld 
 
There are many institutions in many countries that are showing interest in participating in the 
project.  There are many financial sources and possibilities around the world that can be 
utilized.  For example, if at least 3 European countries take part in the project, the European 
Community will contribute with 50% of the cost. Many countries subsidize their clean energy 
related projects up to 60%.  Others provide funds for research that will help elevate the level 
of science and technology in their countries.  There exist many visionary private investors 
who may provide risk capitals.  The nuclear industry and research institutions can make 
investments by supplying equipment, use of their facilities, manpower, and technology.  In 
this manner, the necessary funds can be raised.  
 
 
As an example using the mentioned possibilities, an investment of $1 by the investor in 
country Ci attracts $1.50 from the government and thus results in $2.50 for the project.  With 
the contribution of the European Community, it becomes $5.00.  If 20 countries participate in 
this scheme, $100,00 becomes available for the project.    Therefore, the investment of only 
$10,000.00 each by 20 institutions from industry, research centers, or private investors can 
raise $1,000,000.00 for the research and development of the project.  The investments can be 
in the form of service, equipment, or money.  
 
 

 
 

 
 



 

 

 

10. ANNEX IV: Isotope Production 
 

The isotope production in FBNR at the end of the cycle after 800 days is presented in the 
following tables.  Also presented the isotope production of a hypothetical FBNR should it 
have the porosity of the reactor Angra-2 of 0.56 instead of 0.40   
 
 

Plutonium FBNR 
(Kg) 

Angra_Eq 
(Kg) 

239 49.189 44.540 
240 8.549 11.202 
241 4.197 6.715 
242 0.436 1.203 

TOTAL 62.371 63.660 
 
 
 

Uranium FBNR 
(Kg) 

Angra_Eq 
(Kg) 

235 346.547 193.73 
238 9966.332 7260.91 

TOTAL 10312.879 7454.64 
 
 

Element FBNR 
(Kg) 

Angra_Eq 
(Kg) 

Cs-134 0.266 0.471 
Cs-137 6.604 7.639 
Sr-90 3.549 3.890 

Am-241 0.117 0.207 
Cm-244 0.003 0.026 
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