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ABSTRACT 
 
Currently, the Brazilian nuclear organizations are conducting joint efforts toward the management of existing 

personnel and infrastructure in order to update their competence to study and develop the nuclear fuel elements 

for high performance and extended burnup. As contribution to this effort, the Nuclear Technology Development 

Centre is promoting the update of the fuel rod design codes to ensure they are fit and appropriate to design 

purposes and to evaluations of the fuel rod performance in accordance with current and near future insertion 

conditions. Comprehensive models of thermal properties and in-pile behavior of the fuel are in development by 

the CDTN's expert staff, insertion into performance codes and validation against a representative database as the 

International Fuel Performance Experiments (IFPE). The thermal properties of UO2 and (U,Gd)O2 have been 

reviewed and reduced into the analytical models based on a topological view of the matter and its properties. 

The current status of this project is presented in this paper.  
 

 

1. INTRODUCTION 
 

Nuclear power, as an economical, safe and clean primary energy source for electricity 

generation, is one promising option (perhaps the only option) capable of large-scale and 

short-term deployment in the worldwide growth of the electricity consumption [1]. The 

Brazilians challenges in the electricity generation can be envisaged from the National Energy 

Plan 2030 [2] that projects the demand of electricity consumption on 1,139 billion kWh in 

2030, an increase of 176% in the 2005-2030 period. In order to meet this demand it is 

projected an increase of 128% of the installed hydropower capacity, 135% of increase in 

installed thermoelectric capacity, including the nuclear source, and approximately 1300% of 

increase in installed capacity from alternative sources. The country cannot discard any source 

of energy, including nuclear, that will growth 235% of installed capacity, from 2,000 MW in 

2005 to 7,300 in 2030. 
 

The perspective of the nuclear sector in Brazil is evolving to be resumed and the knowledge 

existing in the Brazilian nuclear sector is essential to face the challenges in the electricity 

generation. The revival of the nuclear option is important for the organizations involved in 

the Brazilian nuclear sector [3] as opportunity for pooling and rationalizing the available 

skills – technical, cultural and human. 
 

In the scope of the Brazil-Germany Agreement, the Nuclear Technology Development Center 

(CDTN) was the institution in the Brazilian side selected to support the joint research and 

development projects (R&D). Infrastructure of laboratories was deployed, personnel were 

trained, methodologies and reactor design tools were transferred in order to accomplish the 

mission of supplying technological support to the nuclear program. 
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At the end of the 80`s, the ability of CDTN to perform design calculations and analysis of 

reactors was a capability recognized nationally and internationally. The joint cooperation 

projects in R&D with NUCLEN and the German institutions (KFA, KWU and NUKEM) 

were of fundamental importance in the acquisition of that capability. 

 

At the time of deceleration of the nuclear Agreement Brazil-Germany, efforts were expended 

to recover the source codes of computer programs developed in CDTN and those transferred 

in the scope of the Agreement. Besides the source codes of programs in the areas of 

neutronic, thermo-hydraulic and analysis of accidents, files of input data and output results 

corresponding to the various programs have been also preserved. All this materials is under 

the custody of CDTN and reflects the available knowledge at that time. 

 

The historical increase in batch-averaged fuel burnup, from ~30 MWd/kgU in the 1970s to 

~50 MWd/kgU today, was achieved mainly by increasing the reload fuel enrichment and by 

using of burnable poison to allow longer fuel cycles [1]. This also reduced operating costs by 

improving the plant capacity factor. The high burnup fuel also represents the reduction in the 

storage rate of the spent fuel and increases of the proliferation resistance. Figure 1 

summarizes the trends in the evolutions of the 
235

U fuel contents and of the discharge burnup 

for PWR`s over the 1980-2000 period as presented by Estève et al. [4]. 

 

 
(a) Fuel enrichments of w/o 

235
U 

 
(b) Regional discharge burnup for PWR`s 

Figure 1.  Enrichment and burnup evolution over 

the 1980-2000 period. 
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2. HIGH BURNUP ISSUES 
 

2.1. Current and Near Future in PWR’s Designs 
 

The motivation for increasing discharge burnup for PWR`s via an enrichment increase and 

the potential barriers are summarized in Table 1 (assuming an once-through fuel cycle), taken 

from Zhiwen Xu [1]. Contemporary core designs employ low-leakage loading patterns, 

which can effectively reduce both the pressure vessel fluence and the fuel cycle cost due to 

decreased neutron leakage. This necessitates usage of burnable poison because the low-

leakage loading pattern puts fresh fuel assemblies in the core interior and burned assemblies 

at the periphery of core. Burnable poison compensates for the excess reactivity of fresh fuel 

assemblies at the beginning-of-life (BOL). Ideally the burnable absorber should be fully 

depleted at the end-of-life (EOL). 

 

Table 1.  Pros and cons of high burnup fuel [1] 
 

Universal Benefits Common Challenges 

1) Reduced number or size of assemblies 

per MWe-yr, hence reduced fuel handling, 

storage, transportation, and disposal 

2) Less Pu in spent fuel per unit energy 

derived and poorer weapon-usable isotopes 

3) Better utilization of resources 

1) Reactivity control due to excess fissile 

material in an extended cycle 

2) Cladding corrosion for longer cycles 

3) Fission gas release 

4) Higher dose and heat rate per kg of spent 

fuel, hence longer on-site storage for decay 

(for current canisters) 

5) Higher enrichment requires upgrade and 

relicensing of front end facilities 

 

As described by Zhiwen Xu [1], three major high burnup strategies have been realized by 

industry in the 1980-2000 period: 

 

1) Increasing the cycle length by loading more fresh fuel and/or the same amount at higher 

enrichment, which leads to fewer refueling outages and gives rise to higher capacity 

factors; 

2) Increasing the discharge burnup by increasing reload fuel enrichment for fixed cycle 

length, and 

3) Increasing the rated power to sell more electricity (hence accrue more revenue) with 

acceptable costs, i.e., affordable to the plant itself. 

 

A common feature is that the increased fuel enrichment is the driving force to achieve a 

higher burnup by increasing the initial reactivity. The update of computer code for fuel rod 

design is related with the features described in the next section. 

 

2.2. Current and Near Future in Fuel Rod Designs 
 

Modeling plays an important role in the drive towards improved fuel performance. Reactor 

operators require both improved fuel cycle economics and greater fuel reliability. This 

dictates the need for fuel to withstand more demanding duties in terms of burnup, dwell time, 

and coolant temperature and chemistry, and to exhibit improved failure resistance in both 

normal operation and under operational transients.  
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Key issues in high burnup fuel modeling include the degradation of fuel conductivity, fission 

product retention, and fuel behavior in transients (including fast, reactivity transients). 

Increasing use of new materials, including advanced cladding alloys, alternative fuel types, 

and doped fuels, also drives the need for the development of a more mechanistic 

understanding of fuel behavior [5, 6].  

 

 

3. THE CDTN EFFORT TOWARD NEW DESIGNS  
 

As contribution to the effort toward the update of competence of Brazilian R&D 

organizations on fuel modeling and design, the CDTN/CNEN is promoting the update of its 

infrastructure of reactor design tools in the areas of neutronic, thermo-hydraulic and fuel 

design in order to ensure they are fit and appropriate to evaluate the current and near future 

reloads of nuclear reactors. In the areas of fuel design and fuel performance evaluation there 

are substantial progress margins to optimize the nuclear energy usage and the cost reduction. 

This paper gives an outline of the CDTN plans for update the competence and the 

infrastructure related with the fuel designs for the near future applications. 

 

The data from the open literature for doped fuels is being used for the development of models 

of material properties and to update the fuel rod computer code. The developments of 

appropriate models for the new fuels were initially applied to data from open literature of the 

reference UO2 fuel. These activities were conducted in 2008 in the scope of the project 

"Development of New Elements and Nuclear Fuel Materials and Parts for Nuclear Fuel. The 

initial stage of modeling the fuel of reference was also completed for the thermal properties 

of UO2 [7]. Figure 2 shows a result of modeling of the lattice parameters of the reference fuel 

UO2±x and of the Gd doped fuel (U,Gd)O2+UO2+x [8]. The modeling of the thermal expansion 

for the reference fuel is show in Fig. 3.  

 

The modeling of the physical and thermal properties of the reference fuel has been conducted 

based on a topological view of the matter and its properties [7]. In this topological view, the 

formal definitions of convergence, connectedness, and continuity have been established to 

characterize and describe the reference fuel and its properties in a unified notion and by an 

intrinsic function. The S-shaped form of this function is depicted in Fig. 2 and 3. 

 

Over 2008 have been conducted, and virtually completed all stages of management 

development and sustainability of the recovery activities and validation of design codes for 

the fuel rod. The access to databases such as the International Fuel Performance Experiments 

- IFPE of the Nuclear Energy Agency - NEA/OECD [9] and the Coordinated Research 

Project Improvement of Computer Codes Used for Fuel Behavior Simulation - FUMEX III 

[10] have been agreed to be used in calibration and validation of design codes. IFPE access 

and participation in FUMEX III were completed in December 2008 and launched in 2009.  
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(a) Reference fuel UO2±x [7] 

 
(b) Doped fuel (U,Gd)O2 [8] 

Figure 2.  Modeling of the lattice parameter 
 

 
Figure 3.  Modeling of the thermal expansion 

coefficient of the UO2±±±±x [7] 
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4. CONCLUSIONS 
 

Certainly CDTN can decisively contribute with the effort of the Brazilian nuclear industry aiming at 

the development of the fuel designs for the near future applications. As contribution to this effort, the 

CDTN staff is promoting the update of the infrastructure of reactor design tools in the areas of 

neutronic, thermo-hydraulic and fuel design in order to ensure they are fit and appropriate to evaluate 

the current and near future reloads of Brazilian nuclear reactors.  
 

The accesses to the international databases completed the opportunity for pooling and rationalizing 

the available skills – technical, cultural and human. The recovery activities and validation of design 

codes for the fuel rod are to be boosted and completed in the next two years. The availability of the 

computer source codes will allow the modeling development for the isotopic nuclear fuel containing 

enriched 155Gd and 157Gd burnable poison, which ideally will be fully depleted at the end-of-life and 

will mitigate the composition degradation of the thermal properties at the beginning-of life. 
 

Parametric and research studies on the new trends of fuel and reactors are important to keep the staff 

up to date and also to advise the decision makers about the suitable options and technological paths 

for Brazil considering the evolution of the internal and external scenarios. In spite of the importance 

to have this information available this activity does not belong to the core business of the industrial 

sector. The industrial staff is involved on the improvement of its day-to-day processes and there is no 

space to embrace this kind of study. Here CDTN can also give its contribution using the expertise of 

its staff as well as the infrastructure under recover and updating. 
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