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ABSTRACT 
 
Angra 1 Power Plant is the first Brazilian NPP, and started its commercial operation in 1985. The wastes from 
its operation are spent ion exchange resins, expended filter cartridges, boric acid evaporator concentrates; and 
solid wastes such as gloves, cleaning tools, plastics and protective clothing. Liquid waste streams are treated by 
evaporation to reduce the volume, and the concentrate is solidified in cement. The original cementation unit was 
designed to meet the US product acceptance criteria of the early seventies, when environmental and safety 
requirements were less restrictive than now. This system had a very low efficiency, and the waste product 
quality was very poor. A new solidification plant was bought, and R&D project was carried out to study and 
develop a suitable cementation process and the PCP � Process Control Program � to guarantee the licensing of 
the plant and maximize its efficiency using Brazilian materials. To accomplish these objectives, a huge amount 
of experiments were carried on. Tests were performed to determine the main properties of the process and the 
product, e.g. the workability, set time, compressive strength (stress resistance) and leachability. After reaching 
the established parameters, the mixture system was optimized. The paddle and container designs were modified 
and also the motor specifications, so that the process efficiency could be improved. The performance of this 
new system is increased allowing solidifying from 56 till 69% in volume of waste, much better in comparison 
of the old one, whose maximum value was about 20%.  
 
 

1. INTRODUCTION 
Brazil is the largest country in South America, with an area of about 8.5 million km2 and 180 
million inhabitants, and has the 6th largest uranium reserves in the world. Considering that 
only some 30% of the country has been prospected for uranium, the perspectives for 
increasing these reserves are quite promising.  

The Eletrobrás ten-year Indicative Plan (1999 � 2008) showed a consumption growth of 
about 4.7% per year, and that the thermal generation would increase from the participation of 
8.6% to some 19%, including the nuclear [1]. Nuclear energy is used to produce energy and 
for industrial, medical and environmental purposes. Currently there are two operating nuclear 
power plants, Angra 1 and Angra 2. Another one, Angra 3, is under construction, and it will 
begin to operate in 2014. 
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As the hydro resources around the most developed regions are practically exhausted, and 
most of the remaining potential still remaining to be used is in the Amazon area, an 
increasing thermal program is being implemented in the country. Given the new 
environmental preoccupation nuclear power has to be a part of the solution for a sustainable 
development. In the same way the management of the radioactive waste takes part of this new 
direction to preserve the planet. In Table 1 is presented the contribution of Angra 1 and 2 to 
the energy resources in Brazil [2]. 
 
 
 

Table 1.  Main sources of electricity in Brazil [2] 
Total 

Type 
Plants (#) (kW) 

% 

Hydro 795 77.850.492 69,32 
Gas 121 11.844.285 10,55 
Petroleum 784 5.247.022 4,67 
Biomass 331 5.318.775 4,74 
Nuclear 2 2.007.000 1,79 
Coal 8 1.455.104 1,30 
Wind 33 414.480 0,37 
Importation  8.170.000 7,28 
Total 2.074 112.307.158 100 

 
 
 

Angra 1 Power Plant started commercial operation in 1985. Most of the waste generated in its 
operation presents low- and intermediate level of activity. The original cementation system of 
Angra had low efficiency, and the waste product quality was very poor. To solve this problem 
a new solidification plant was bought, which should be licensed in accordance with Brazilian 
regulation. Experiments were performed to establish a cementation process whose products 
met the criteria established by the regulatory body. After that, the next step was to optimize 
the system itself. The paddle and container designs and also the motor were studied in order 
to improve cementation efficiency.  
 

2. ANGRA 1 � FIRST BRAZILIAN NUCLEAR POWER PLANT  
Brazil has two operating nuclear power plants and another one whose construction has 
already started, and it will begin to operate in 2014. 

In 1968, the Brazilian Government decided to start a nuclear generation program with a turn-
key project. Studies performed at that time pointed to a unit size of about 600 MWe, which 
should be located near the load centers of the main developed regions of the country. So the 
Angra site along the coast, some 130 km from Rio de Janeiro, 220 km from São Paulo and 
350 km from Belo Horizonte, was a natural choice. As the result of a selection process, 
Westinghouse was awarded the contract to build the Angra 1 power plant, starting in 1972. 
The first criticality was reached in 1982 and the plant started commercial operation in 1985 
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[3]. It operates with a PWR type (pressurized water) reactor, which is the most widely used in 
the world today.  

Since 1985, when it came on line, Angra 1 has been generating electric power sufficient for 
meeting the demand from such a city with 1 million of inhabitants. This first nuclear power 
plant was procured on a turn-key basis as part of a package sale including no technology 
transfer on the part of the vendor. Still, the experience accumulated by Eletronuclear in all 
these years of commercial operation, with efficiency indicators surpassing those of many 
similar plants, leads the company to currently have the ability to carry out a continuous 
technology improvement program and incorporate the nuclear industry's most recent 
advances into plants like Angra 1 [4].  

 
3. WASTE MANAGEMENT 

Most of the wastes generated in the operation of the two NPPs are classified as low- and 
intermediate-level waste. They have different origins and forms. Examples of them are spent 
ion exchange resins, expended filter cartridges, evaporator concentrates, gloves, cleaning 
tools, plastics and protective clothing.  

Angra 1, like most of the NPPs, is equipped with systems for treatment and conditioning of 
liquid, gaseous and solid wastes [4]. Liquid waste streams are treated by evaporation to 
reduce the volume, and then the concentrate stream is solidified in cement. The solid waste 
generated is segregated and monitored to reduce the final volume of solid radioactive waste. 
Decontamination and reuse of radioactive materials are also carried out to minimize the waste 
to be conditioned. Other volume reduction techniques are used prior to conditioning and 
storage. Procedures, personnel training and control checks are used to ensure that radioactive 
materials are properly packed, labeled and transported to the storage facility. Gaseous wastes 
are stored in holdup tanks and may be released from time to time. These tanks have the 
capacity for long-term storage, which eliminates the need for scheduled discharge. The waste 
packages are stored in Angra site. 

Brazilian Nuclear Energy Commission � CNEN � is responsible for the construction of the 
repository, where these wastes will be disposed. The law 10.308 defines the responsibility 
and the types of storage in all levels, and the Brazilian Nuclear Program established the 
construction of the National Repository until the middle of the next decade [5, 6].  

The spent fuel, highly active and long-lived, is stored in a special pool. An expansion of the 
spent fuel pool capacity has been accomplished by the installation of compact racks to 
accommodate the spent fuel generated for the expected operational life of the unit. A project 
to design a dry storage packaging for the spent fuel is being carried out so that it can be 
storage for a long period [6]. 

3.1. Original Solidification System 

The original immobilization system of Angra 1 was designed to meet the US acceptance 
criteria for the product (solidified radioactive waste) dated from the early seventies, when 
environmental and safety requirements were less restrictive in comparison with today 
standards. This system was based in the injection of waste in 200 liter drums, which were 
previously prepared, off line, with a thick layer of cement, vermiculite and lime. Besides its 
low efficiency, the waste product quality was very poor.  
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3.2. Current Cementation System 

To solve this problem another cementation system was bought to replace the first one. This 
one is constituted of a paddle, in a 1 m3 steel containers build up with a motor. The mixture 
waste-cement is made in the container, and when the homogeneity is reached, it is lidded and 
brought to the storage. As it was designed in the USA, it was tested and licensed under US 
regulations and environmental conditions. Then it was necessary to demonstrate that the 
product from this process would meet Brazilian requirements. 

Eletronuclear, the owner and operator of the plant, awarded CDTN a R&D contract to 
develop an experimental methodology to establish the Process Control Programs to solidify 
the wastes in cement. The goal set for the R&D project was to devise a process control 
program that guarantee the licensing of the solidification plant and maximize their 
efficiencies using Brazilian materials. To accomplish the above mentioned objectives, a huge 
amount of experiments were carried on to improve the product quality and the efficiency of 
the process. 

 

4. EXPERIMENTAL WORK 
The experiments were carried out in different scales, from laboratory to actual size, in two 
steps. The objective of the first one was to determine the compatibility of the different 
materials and to determine the highest amount of wastes that could be incorporated into the 
cement. After reaching the best mixtures, the next step was to optimize the mixture system. 
The motor, paddle and container designs were studied, so that the process efficiency could be 
improved. 

4.1. Experiments to Improve the Mixture 

4.1.1. Materials 

Simulated wastes � It was prepared a solution to simulate the concentrate from the 
evaporation process. The concentration of boric acid in the solution was 12.5%, with pH of 
5.5. Four types of resins used in the NPP were treated with a boric acid solution to simulate 
the exhausted ion exchange resins from the evaporator process. 

Cement � Portland cement with a high initial compressive strength was used. 

Microsilica � This material is a byproduct of the silica industry. It is an inert very fine 
material that is very useful to close the porosity of the solidified product. 
Bentonite � A kind of clay whose main component is the montmorilonite, a Hydrate 
Aluminum Silicate with some quantity of magnesium. It is very efficient in contaminant 
retention and it has strong sorption and active colloidal proprieties [7].  

C clay � This clay is similar to the clinoptilolite that is a hydrated sodium potassium calcium 
aluminum silicate, used normally as absorber of chemical elements. 
Cement admixtures � The cement admixtures are chemical additives used to help the 
processing of cement pastes. Accelerators and fluidizers were tested to improve the mixture 
characteristics of the cement paste. 
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4.1.2. Tests 

Different amounts of waste were incorporated into cement with and without additives. During 
the process some tests were carried on and the solidified products were also analyzed to 
evaluate their quality. The objective was the incorporation of the highest amount of waste 
without jeopardizing the final product proprieties. That means that the process should be 
technically possible and the product should reach the acceptance criteria to the next step of 
the waste management sequence. 

In the Fig. 1 is showed some tests performed to determine the main properties of the process 
and the product. The most important properties that are normally determined to evaluate the 
cementation efficiency and the product quality are workability, set time, compressive strength 
(stress resistance) and leachability [7, 8]. After establishing the best mixtures for the 
solidification of the wastes, new experiments were done in a full scale unit, similar to Angra 1 
cementation plant (Fig.2). Samples from these experiments were taken and the same tests 
were performed to evaluate the system performance and the product quality. 
 
 
 

         
Figure 1.  Tests to evaluate the cementation process: set time, diametric compressive 

strength and tensile strength 
 
 
 

   
Figure 2.  Experiments in actual scale to evaluate the cementation process and sampling 

of the solidified product 
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4.2. Experiments to Improve the Mixture System 

The second step was to study the whole system to analyze the effect of its characteristics on 
the product results. This was made because, although the results of the products obtained in 
full scale were good, they were not as good as the ones from the laboratory. Then with the 
aim of improving the efficiency of the cementation, and to get products that replicate those 
obtained in the laboratory, it was necessary to alter the mixing unit. For this step the 
characteristics studied were: the paddle and the power of the motor. It was proposed to make 
changes in the profile of the blade and increase the motor power to obtain a better mixture 
and consequently products even better (Fig. 3). Tests were proposed in two scales: 1:8 and 
1:1. 

It was designed and constructed a prototype system reduced by a scale factor of 1:8 in 
relation to the plant in Angra 1 NPP. The experiments performed in this prototype gave very 
good waste-cement mixtures, and homogeneous products with properties above the values 
required by the standards of the CNEN [9]. After that it was designed and implemented the 
installation in full scale, simulating the real conditions of operation in Angra 1 NPP (Fig. 4). 

 
 
 

         
(a)    (b)        (c) 

Figure 3.  Paddles (a) original shape and (b) modified shape; (c) Motor 
 
 
 

 

Figure 4.  Experiment on the cementation system, similar to the Angra 1 (full scale) 
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5. RESULTS 
Based on the extensive database built with the experimental results, the best formulations for 
the process control program were selected. These formulations bracket the full range of 
relevant input parameters (boron concentration and radioactive inventory) of the possible 
incoming waste. In this way, the operator can optimize the process parameters for each case.  

In Table 2 are presented the results of the compressive and tensile strength tests of the 
cementation of concentrate sludge and spent resins in the full scale system. The products 
were homogeneous, and the results met the requirements established by the CNEN [09]. The 
performance of the system is presented in Table 3, and is much better in comparison of the 
former one, whose maximum value was about 20%. 

 
 
 

Table 2.  Results from the cementation real scale test 

ρ  (g/cm3) 
Waste 

Paste Product 

Compressive 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Concentrate 1.65 1.50 13.5 1.0 
Resin 1.81 1.81 17.6 1.9 

 
 
 

Table 3.  Performance figures  of the new cementation system 

Waste /  Concentrate Resin 
Product Minimum Maximum Minimum Maximum 

w / w 0.46 0.52 0.35 0.38 
v / v 0.65 0.69 0.56 0.65 

  w = weight; v = volume 
 
 
 

6. CONCLUSION 
Based on careful research and extensive experimentation, the solidification waste treatment 
systems of Angra 1 NPP was significantly upgraded, and became much more efficient and 
adequate to Brazilian conditions.  

Besides the very good results for the utility, from both technical and economical points of 
view, this R&D project has created a rich experimental database and technology mastering 
for developing similar systems. 

With this experience some interesting projects have been developed for the (non-radioactive) 
industrial hazardous wastes. Research had been done to solidify wastes for the oil industry, 
and for industries dealing with heavy metals. Knowledge and experience acquired in these 
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studies also helped in the development of new tests to verify the quality of some crude and 
solidified wastes released in the urban landfill. 

The performance of this new system is increased allowing solidifying from 56 till 69% in 
volume of waste, much better in comparison of the old one, whose maximum value was 
about 20%. 
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