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ABSTRACT 
 
 

In the INB nuclear fuel cycle, the pellets production is based on UO2 powder made by AUC (Ammonium-
Uranyl-Carbonate) route. AUC formation occurs by fluidizing of UF6, NH3 and CO2 in a vase containing usually 
pure water, and this exothermal reaction has AUC as direct product. The mass formed is filtered, washed with 
CW, washed again with methanol solution, dried with air and conducted to the fluidized bed furnace, to be 

converted to UO2 powder. 
 
At this point, the dried AUC decompounds to UO3, NH3 and CO2, these 2 gases are absorbed at the gases 
washer, forming the carbonated water (CW), which is basically a (NH4)2CO3 solution. The UO2+x is reduced and 

stabilized to UO2 powder, which is conducted to pellets production.  
During the process, a considerable amount of this aqueous waste is generated and goes for the effluent 
treatment. After that, the solution is sent for spray-dryer for power formation, and stock. This treatment 
demands equipments, energy and time, representing considerable costs for the company beyond the human risks 

involved on the drying step.  
 
The purpose of this work is to present a study of the carbonated water use as substitute of pure water in the AUC 
formation step. At this point, tests were made varying the CW loads for the AUC precipitation, and the control 

was made by the UO2 powder properties. 
 
The carbonated water used for AUC precipitation has been tested at several levels and the results has 
demonstrated full viability to become a definitive process step (INB, Resende site). It has been demonstrated the 

great resources economy caused by the waste reuse and the guaranteed product quality. This represents such an 
environmental gain and also economic and social aspects got improved. 
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1. INTRODUCTION 

 

1.1. Environmental, Economical and Social Overview 

In the nuclear fuel cycle, the pellets production is based on UO2 powder and represents one of 
the most important steps during the fuel assembly manufacturing. INB UO2 conversion is 
based on AUC (Ammonium-Uranyl-Carbonate) route and this process creates considerable 
amounts of effluents. Some of them are usually recovered during the processing and for 
others some tests are required before the reuse. In order to perform tests, it has been asked the 
company allowance and results reports, focusing on this work fulfillment. 

INB is a federal domain company what means to belong to the nation, to the people. At this 
sight, all the economic balance is somehow related to the public thus every single 
improvement shall be considered to the progress and saving financial resources which may 
return to the people as social improvements. 

The directory board of INB has established safety, quality and environmental politics 
assuming the commitment to keep an integrated management system aiming the continuous 
improvement. In order to fulfill this politics attendance, goals have been established and 
some points can be presented below: 

• Clients: To supply trustful, high tech and valuable products and services to the clients 
making it present the safety, quality and environmental respect; 

• Employees: Eliminate or minimize hazardous conditions to the employees; Promote 
the questionable and responsible attitude over the manufacturing processes looking 
for the innovation, searching for the productivity, safety and environmental 
conservation improvements; 

• Society: To apply processes and to operate the facilities ensuring safety and 
environmental respect; 

• It´s part of INB Mission to ensure the fuel assembly supply for electrical generation 
with safety, quality and social-environmental liability. 

The environmental coordination and the occupational health & safety coordination have 
procedures contemplating their duty for the company. Some of these procedures mention 
about treatment of law requirements and compile them as a worksheet presenting the 
Aspects-Hazard & Impacts-Risks for INB activities. For all these aspects and hazards there 
are impacts and risks that must be controlled and INB carry it out by monitoring, recording 
data and reporting to the Brazil regulators.  

The safety coordination is responsible for providing personal protective equipment and 
controlling its utilization by the worker, besides other activities. The environmental 
coordination is responsible for measuring and controlling the environmental quality around 
INB facilities, calculating and reporting the Greenhouse Gas Inventories and the reforestation 
and recovery program. In this work, part of the effluent treatment is declared and its items are 
called from the sheet. 
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The Activities, Aspects and Hazards are presented below: 
� Generation of solid waste   – Environmental Aspect 
� Generation of gases   – Environmental Aspect 
� Risk of solutions leaking  – Environmental Aspect 
� Risk of worker fall   – Safety and Occupational Health Hazard 
� Noise generation   – Safety and Occupational Health Hazard 
� Chemical compounds contact – Safety and Occupational Health Hazard 
� Confined spaces   – Safety and Occupational Health Hazard 

For this work, it´s fundamental to know these aspects and hazards, and also the economical 
considerations involved at INB activities in order to understand the benefits caused by the 
effluents reutilizing at AUC production.  

1.2. Product Overview 

INB produces fuel assemblies for Angra 1 and Angra 2 Nuclear Power Plants supply. The 
fuel assemblies are structured by a group of metal tubes containing ceramic pellets, 
manufactured by pressing and sintering UO2 powder, made from AUC route [1]. 

During the fuel consumption on the reactor, the pellet crack is one of the most common 
causes of the assembly failure. This type of defect occurs on the clads by the pellet-clad 
interaction (PCI), and it may happen when the pellet cracks in contact to the clad and this 
crack force the metal tube inducing it to stress which raises until the ductile fracture, as 
pointed by Adamson et al [2]. Quadros has shown that pellet crack mechanism starts at pores 
or irregularities (gaps) and propagates into certain plane orientations [3]. 

Glodeanu et al. mention the relationship between grain size and pressed powder properties. 
It´s also mentioned that chemical and morphological homogeneity of the powder are the key 
factors on the microstructure control. Beyond that, great powder inclusions and aggregates 
may cause pellet structural scrappy [4].  

The considerations described above clearly evidence how important is to sustain the pellets 
microstructure properties by achieving the adequate levels of UO2 powder homogeneity and 
it demands specific conditions for AUC production. 

1.3. Process Overview 

At INB, UO2 powder is manufactured by AUC route. The conversion of UF6 to UO2 powder 
is a continuous process and the steps are pointed at figure 1 which provides a general powder 
production process overview: 

1. Cylinder 30B model allocation 

2. Evaporation of UF6: Cylinders containing until 2200Kg UF6 are heated with steam 
and the UF6 flows through the line to the next equipment; 

3. CO2 and NH3 injection through the vessel nozzle. 
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Figure 1: Powder process model by AUC route 

4. Precipitation of AUC: The AUC production happens inside the precipitator. This 
equipment is a square metal shaped vessel with limited thickness (in order to avoid 
critically events). This reactor is filled with demineralized water and the gas feeding 
starts with CO2 flow for 5 minutes, followed by NH3 for 5 minutes and then UF6 
flowing together until formation of the batch. These compounds reacts according to: 

UF6 + 5H2O + 10NH3 +3CO2 � (NH4)4[UO2(CO3)3] + 6 NH4F  (1) 

In this equation, (NH4)4[UO2(CO3)3] is the ammonium uranyl carbonate (AUC), which 
precipitates as yellow crystals in slurry form, whose properties depend on parameters 
such as temperature, pH value and mass flow. 

5. Filtration: The suspension is pumped to a vacuum filter where the AUC slurry is 
separated from the main reactional solution (liquor) still containing uranium and 
fluorine. The slurry is washed with a solution of ammonium-carbonate (carbonated-
water) for fluoride removal and after with methylalcohol for humidity removal. The 
resulting AUC powder has low water content and still is dried with hot air flow 
granting a light powder which can be pneumatically transported to the next equipment 
without any sticking through the pipe lines. The solutions are stored temporarily for 
treatment and recovery. 

6. The AUC is continuously scraped from the filter and pneumatically transferred to a 
fluidized-bed furnace.  

7. The decomposition of the AUC and the subsequent reduction of the U
6+
 to U

4+
 is 

performed at about 520°C according to the total reaction equation: 

(NH4)4[UO2(CO3)3](s) + H2(g) � UO2(s)+ 4NH3(g) + 3CO2(g) + 3H2O(g)   (2) 

The carrier gas is a mixture of hydrogen and superheated steam. The UO2 particles 
properties are related to the AUC particles. Finally, the temperature of the bed is 
increased to 650°C and the hydrogen flow is stopped. By this procedure the fluorine 
content of the powder is lowered to about 60 ppm.  

8. The gases formed at AUC decomposing (right side of equation 2) are collected at the 
gas washer forming a solution enriched in CO3 and NH4. 

9. Stabilization of the UO2 Powder: Finally, UO2 powder is passivated to the stable form 
with a smooth oxidation process, forming single lots.  
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10. Then highly stoichiometric UO2 is obtained by final treatment with hydrogen feeding. 

11. After that, UO2 powder lots are blended with U3O8 (pellet pore former) and ADS 
(solid lubricant) and homogenized, resulting on the homogenized lot. At this point, 
UO2 powder is ready to be utilized for pellet manufacturing. 

1.4. Effluent Overview 

During the AUC forming (step 4), CO2 and NH3 gases are feed by excess in order to 
guarantee the full consumption of UF6. The unreacted amount flows to a washer, forming 
ammonium-carbonated solution (carbonated water – Solution A) 

During the calcination and reduction (step 7), NH3 and CO2 are formed according to equation 
2. These gases are flown to another washer, producing ammonium-carbonated solution 
(carbonated water – Solution B) 

On the filtration process (step 5), the slurry is washed with solution B for fluoride removal 
and this produces a carbonated water containing uranium and fluoride (Solution C). This 
solution is submitted for uranium recovery, forming solution D. 

After approximately 12 batches, the UF6 cylinder becomes empty and must be cleansed for 
successively storage and devolution for seller. For this washing, UF6 residual is removed with 
solution B, causing a chemical reaction close as equation 2, forming some AUC in the new 
solution (Solution E). 

1.5. Effluent Recovery, Treatment and Disposal 

Solution A and E are commonly recovered on the process and they´re mixed to pure water 
forming the vessel load before starting AUC precipitation. 

Solution C contains significant amount of uranium which may be recovered on chemical 
process. This treatment involves addition of NH3 and H2O2 precipitating the compound 
UO4.2NH3.2HF and remaining the solution D, containing basically NH4F. Solution D is 
totally converted into NH4F powder at spray-drier, for storage and disposal. 

Solution B is formed simply by (NH4)2CO3 and some impurities, and it´s converted into 
(NH4)2SO4 for drying and storage. This process involves sulfuric acid handling, pH 
controlling and spray-drying. 

Due to the significant amount of solution B generated along the AUC process and considering 
this solution contains the same components necessary to the AUC formation (according to Eq 
1), it´s the main point of this work to test the solution B reuse feasibility and develop this 
method in order to turn into a standard procedure for AUC production, generating significant 
benefits on environmental, economical and social aspects. 
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2. EXPERIMENTAL DEVELOPMENT 

 

Since there are evidences described at the ‘product overview’ topic pointing to the pellets 
requirements, it becomes major to test the solutions to be recovered in order to guarantee the 
UO2 powder properties. The purpose of these tests is to verify the implementation feasibility 
regarding the product specifications. Once powder characteristics are straightly related to 
AUC, it was defined to focus on the relevant variables, in this case, flowability, apparent 
density and specific surface. These properties are straightly linked to the shape and 
morphological structure of powder particles through the lots produced.  

2.1. Feasibility Tests 

Based on information from the process and product designer, tests were carried out 
considering these proportions in the reactional batch: 

• 200 liters (40% volume) solution B plus demineralized water to fill up the tank;  

• 100 liters (20% volume) solutions B+D plus demineralized water to fill up the tank; 

• 60 liters (12% volume) solution D plus demineralized water to fill up the tank. 

The process variables and system control remain the same. The tests control were made upon 
the powder results compared to the powder produced at batches before the tests and 
respecting the product specifications. 

2.2.  AUC Production Tests 

Once it was considered reasonable, the test was extended to production scale by applying 
amounts of 0, 60, 120 and 180 liters of solution B per batch (plus demineralized water to fill 
up the tank) set according to solution availability, but enlarging the recovery frequency. 
Again, the tests control were made upon the powder results compared to the powder 
produced at batches before the tests and respecting the product specifications. All material 
produced at INB was properly inspected and examined in order to become a certified product 
according to the quality assurance. 

 

3. TESTS RESULTS AND DATA ANALYSIS 
 

3.1. Feasibility Results 

Graphics 1, 2 and 3 show results on UO2 powder for flowability, apparent density and 
specific surface respectively. The red curves are the results of powder manufactured for 
Angra 2, 2

nd
 to 9

th
 reload. The green curves shows results of powder produced for Angra 2 at 

the 10
th
 reload, when the feasibility tests took place. It´s possible to find that there were no 

significant changes on the product for these main properties and this fact indicates that the 
tests may continue on large scale. 
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Graphic 1: Flowability 

 

Graphic 2: Apparent 
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Graphic 1: Flowability results for feasibility tests 

Graphic 2: Apparent density results for feasibility tests 
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Graphic 3: Specific 

3.2. Production Results 

Graphics 1, 2 and 3 show results on UO
specific surface respectively. The 
Angra 2, 2

nd
 to 9

th
 reload. The blue

the 1
st
 load (core), when the feasibility tests took place. It´s possible to see that there were no 

significant changes on the product for these main properties and becomes a positive evidence 
for implement this process as a standard manufacturing procedure.
 

Graphic 4: Flowability 

 

Graphic 5: Apparent 
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Graphic 3: Specific surface results for feasibility tests 

Graphics 1, 2 and 3 show results on UO2 powder for flowability, apparent density and 
specific surface respectively. The red curves are the results of powder manufactured for 

blue curves shows results of powder produced for Angra 3 at 
feasibility tests took place. It´s possible to see that there were no 

significant changes on the product for these main properties and becomes a positive evidence 
for implement this process as a standard manufacturing procedure. 
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Graphic 3: Specific 

3.3. Data Analysis 

Table 1 shows the product requirements for UO
lots manufactured for Angra 2, 2nd

surface. It´s also included the feasibility tests and production tests results means. It´s clear 
that the powder made from AUC 
tested on pellet product and it resulted a commercial grade product and may be established in 
the company.  
 

Table 1: Tests means and product requirements

 

Physical Property Product Requir

Flowability 0 – 10 (s)

Apparent Density 2,00 – 2,60 g/cm

Specific Surface 2,5 – 6,0 m

3.4. Environmental Analysis 

The reuse of solution B on feasibility and production tests caused the reduction of effluent 
generation and consequently minimized the treatment and disposal. This changing is 
quantified below. 
 
The spray-drying process works with water extraction from the original sol
releasing it as vapor. During the drying, a part of the solid particles may flow through the air
dragged by the vapor and this loss is
order to accomplish that, INB sustains a
Environmental Protection Coordination. This sector is responsible for monitoring and 
reporting the emissions, and the data were provided allowing the analysis of the aspects 
involved. 
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Graphic 3: Specific surface results for production tests 

requirements for UO2 powder produced at INB and the mean of 
nd to 9th reloads, for flowability, apparent density and specific 

surface. It´s also included the feasibility tests and production tests results means. It´s clear 
from AUC – CW way meets the requirements. Nevertheless, it has been 

tested on pellet product and it resulted a commercial grade product and may be established in 

Table 1: Tests means and product requirements 

Requirements Feasibility Tests Mean Production Tests Mean

10 (s) 2,65 (s) 3,27

2,60 g/cm3 2,18 g/cm3 2,21

6,0 m2/gUO2 5,12 m2/gUO2 5,14 m

solution B on feasibility and production tests caused the reduction of effluent 
generation and consequently minimized the treatment and disposal. This changing is 

drying process works with water extraction from the original sol
releasing it as vapor. During the drying, a part of the solid particles may flow through the air
dragged by the vapor and this loss is acceptable since respecting the regulatory limits. In 
order to accomplish that, INB sustains an environmental monitoring program through the 

Protection Coordination. This sector is responsible for monitoring and 
reporting the emissions, and the data were provided allowing the analysis of the aspects 
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Table 2: Measurements results for atmospheric emission parameters from spray-dryer 
 

Parameter (kg/h) Jan/2007 Oct/2008 Mar-Nov/2010 

Measurement Single 1st 2nd 1st 2nd 

NH3 2,54 1,19 0,00034 0,0205 0,054 

F- 0,03 0,001 0,0115 0,1088 0,0374 

Particles 0,41 0,09 0,21 0,0313 0,0592 

 
These results were calculated into means and extrapolated for 12 months. This data permit to 
obtain an annual mean for the parameter emission in kg/h at the spray-drier. Although these 
values were taken in 2007, 2008 and 2010 and the equipment may have suffered considerable 
depreciation since this period, the data is reasonable for calculating these ratios as references 
for the work. Considering the volume of solution B treated and dried and the time spent on 
this proceeding, it´s possible to calculate the emission of those parameters for feasibility and 
production tests. 
 

Table 3: Emission parameters calculated for Mean, Feasibility tests and Production tests 
 

Emission 
Parameter  

Mean Ratio 
(kg/h) 

Feasibility tests 
(kg) 

Production tests 
(kg) 

TOTAL 
(kg) 

NH3 1,057 120,0 260,0 380,0 

F
-
 0,036 4,1 8,9 13,0 

Particles 0,202 22,9 49,7 72,6 

 
This results show that during the CW recovery tests performed at INB, it was avoided the 
release of  380 Kg of ammonia, 13 Kg of fluoride and 72 Kg of particle material on the 
atmosphere, only on the powder production of Angra 2 – 10

th
 reload and Angra 3 – 1

st
 load. 

This represents a very interesting gain for the environment and becomes really relevant 
considering INB manufactures 3 reloads every year.  
 
Other aspect to consider is the greenhouse gas emissions, which were calculated by a 
Greenhouse Gas Emission Inventories Model based on heating values and emission factors. 
Starting it with the data obtained from the drying process, it´s possible to estimate how much 
time, LPG and energy would be necessary to dry the amount of solution B generated by the 
process, in case it couldn´t be recovered. 
 

Table 4: Simulated consumption for the spray-dryer during the tests 

 

Estimated Parameter Feasibility Tests Production Tests 

Time (hours) 113,5 246,0 

LPG (kg) 2610,5 5658,0 

Energy (kW) 8465,9 18349,1 

 
These values were used for calculating the amount of CO2 (tons) that would be released to the 
atmosphere in case solution B couldn´t be recovered. For this, it has been used heating values 
from the national energy balance [5] and emission factors available from International Panel 
on Climate Changes (IPCC) [6] for LPG and from Brazilian Science and Technology 
Ministry [7] for electricity. 
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Table 5: Calculations of the estimated CO2 emissions for LPG to the Feasibility tests 
 

LPG (Kg) kcal/Kg LPG kJ/kcal TJ/kJ Parameter E.F. GWP CO2 (t) 

2610,5 
11100 
 

4,186 
 

109 
 

CO2 63100 1 7,6534 

CH4 1 25 0,0030 

N2O 0,1 298 0,0036 

 

Table 6: Calculations of the estimated CO2 emissions LPG to the Production tests 
 

LPG (Kg) kcal/Kg LPG kJ/kcal TJ/kJ Parameter E.F. GWP CO2 (t) 

5658,0 11100 4,186 109 

CO2 63100 1 16,5880 

CH4 1 25 0,0066 

N2O 0,1 298 0,0078 

 
For electricity, Brazilian Science and Technology Ministry developed an emission factor 
based on the mensal fluctuation of electrical system considering the several kinds of energy 
sources available, and it´s available monthly. The value of consumption at the spray-drier was 
taken for the tests period (and not monthly) thou was necessary to convert the national factors 
to a mean. 
 

Table 7: Mean Emission Factor (E.F.) calculated from references 
 

Month Jan Feb Mar Apr Mai Jun MEAN 

E.F. (tCO2/MWh) 0,0294 0,0322 0,0405 0,0642 0,0620 0,0522 

0,0653 Month Jul Aug Sep Oct Nov Dec 

E.F. (tCO2/MWh) 0,0394 0,0460 0,0783 0,0984 0,1247 0,1168 

 

Table 8: Calculations of the estimated CO2 emissions for electricity during the tests 

 

Period Consumption (kWh) MWh/kWh E.F. (tCO2/MWh)  CO2 (t) 

Feasibility Tests 8466 
1000 0,0653 

0,55 

Production Tests 18349 1,20 

 
These tests avoided the emission of 26 tons of CO2 to the atmosphere, meaning excellent 
environmental benefits regarding to the global warming. 
 

Table 9: Data compilation for the avoided impacts estimative 

 

Parameter Value 

CO2 Emission avoided for LPG and kWh 26 tons 

NH3 Emission avoided  380 kg 

F- Emission avoided 13 kg 

Particles Emission avoided 72,6 kg 

Releasing Solution avoided 28,8 m3 

Storage (NH4)2SO4 Mass avoided 5,8 tons 
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The compilation above show that solution B recovery over feasibility and production tests is 
not just an estimative, but they formalize the fact that gaseous emissions, solution releasing 
and solid storage/disposal were truly avoided and the environmental aspects pointed at item 
1.1 got their respective impact reduced. 

3.5. Social Analysis 

The aspects pointed at item 1.1 show that the effluent management demands the worker to 
submit under hazardous conditions such as acids handling, corrosive salts contact and 
gaseous and noise exposure. High locations and confined spaces services are possibly 
demanded. Although the company provides all means necessary for the job execution, the 
risk involved on the activities is not eliminated and several parameters may be optimized. 

Due to the volume of carbonated water recovered and the time necessary to process this 
effluent when it usually goes for treatment, it was possible to calculate a reduction of 360 
hours of waste management services. This number is valid for each individual. Considering 
the total effluent produced in 12 months, 275m3, whose approximately 50m3 were CW for 
treatment, and looking at the CW releasing avoided about 28m3, it´s possible to apply the 
time demanded for the service and quantify the downsize. In this scenario, it means a 
reduction of 10% of the worker exposure to the hazardous aspects noted, compared with the 
usual service. This number was calculated only for the feasibility and production tests and 
shall be even greater when this procedure become standard at the company. 

It´s less noticeable but not less important to note the public exposure, primarily related to the 
communities around the factory. This issue may be extended to the economical results gained 
from the resources saving which implies on plus means for government to apply for the 
people. 

3.6. Economical Analysis 

For all the resources consumed on effluent treatment as pointed at item 3, there are costs 
related and they were quantified for obtaining the total value. 
 

Table 10: Estimated resources consumed for CW treatment along the tests  
 

Parameter Value Cost (R$/Unit) Subtotal (R$) 

Volume CW generated (L) 28760   

LPG  (kg) 8268,5 2,2 18190,7 

Electricity (kWh) 26815,11 0,5 13407,6 

Sulfuric Acid 50% (kg) 4026,4 1,89 7609,9 

Direct Human Resources (h) 360 42,13 15166,8 

Indirect Human Resources (h) 360 57,6 20736 

 
It must be reminded that the human resources are not an input to be turned on/off according 
to the services demands. They are continuous services and exist independently on the effluent 
made up. But, if it´s view as a service which may be moved and changed according to the 
company needs, it may be seen as a remarkable saving. From this analysis, it´s noted that the 
tests described caused an saving of R$75.061,00 for the company and, at the same time, for 
the union, regarding to the people. As already concluded, this result shall be greater along the 
procedure implementation on the process. 
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4. CONCLUSIONS 
 
INB teams have tested the carbonated water (solution B) reuse in the AUC production for 
UO2 powder manufacturing. Tests were performed over Angra 2 10

th reload and Angra 3 1st 
load productions, set feasibility test and production test. Through the calculations done, the 
following results were reached:  

� The product quality was not clearly affected, keeping results according to the UO2 
powder specification; 

� The environmental gains obtained certainly evidence impacts minimization 
considering the aspects noted, to say CO2, NH3, F

-
 and particles emissions avoided as 

well as storage reduction and leaking risk was turned down; 
� The social benefits noted were the increasing safety condition of the worker when its 

exposure to hazardous situations was downsized. On the other hand, the resources 
saved cause an economical benefit which may be somehow returned to the people; 

� The economical profit caught up is directly linked to the resources saved on the 
effluent minimization through the solution reuse. The amount estimated, about 
R$75000, may not seem an outstanding result compared to the budget of company but 
it must be considered at least a great one to see the simplicity of this change. 

The work allow to conclude that the objectives expected were really achieved and the process 
management shall do the necessary effort to turn the CW reuse a standard procedure for AUC 
manufacture at INB. 

Future works suggest the application of this work on the whole production and report it, 
making it official. A second work consists on test the solution C reuse, which corresponds to 
almost 82% of total effluent directly generated from AUC manufacture. It may be a 
challenge, considering the composition of the solution to be basically NH4F, wherein F

- is not 
desirable on the process. 
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