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Abstract.  Today there are some 435 nuclear power reactors operating in 30 countries with a combined capacity 
of over 372 GWe. In 2011 these provided 2518 billion kWh, about 14% of the world's electricity [1]. The next 
evolutionary design of Generation III reactors to be deployed over many decades will represent a large part of 
the worldwide fleet throughout the 21st century. Generation III reactors are the future NPPs with improved safety 
and reliability, with passive safety systems and with a very low probability for core melt. The objective of this 
paper is to present the R&D activities that support LTO for Generation II / III Nuclear Reactors.  
 
1. Introduction 
 
The development of nuclear power technology can be classified into four generations. The first 
generation (Gen I “Early prototypes”) is comprised of small power capacity demo plants. Based on 
the experience gathered from designing and running the first generation power plants, a large number 
of standardized concepts of nuclear power plants (NPP) were suggested and the second-generation 
(Gen II “Commercial power”) NPP was born. Most NPPs operating nowadays belong to the second 
generation.  After the accidents of TMI and Chernobyl intensive efforts were made to improve the 
safety features of second generation NPPs, essentially giving birth to the third generation (Gen III 
“Advanced LWRs”) of nuclear power technology. Some reactors of this general type are called Gen 
III+ “Evolutionary designs” [2]. Because the third generation has a much higher safety level 
compared to the second generation, it is expected that in the next 2-3 decades, newly constructed NPPs 
will mainly use reactors of Gen III/III+. 
 
The Gen IV systems, which comprise both the reactors and their associated fuel-cycle facilities, are 
intended to deliver significant advances compared to the Gen III/III+ in respect of economics, safety, 
environmental performance, and proliferation resistance.   Generation IV reactors are usually referred 
to as “Revolutionary concept designs” and are expected to be developed to the point of commercial 
deployment by at least 2040, while nearer-term systems (“Innovative reactors” deployable within the 
next 15 years) are expected to be developed by industry, and are therefore excluded from Gen IV.   
 

 
 

FIG.1.  Generations of nuclear reactors [3].
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Third-generation reactors have many distinguished features such as: a standardized design for each 
type to expedite licensing, reduce capital cost and reduce construction time, a simpler and more rugged 
design, making them easier to operate and less vulnerable to operational upset, higher availability and 
long operating life – typically 60 years, further reduced possibility of core melt accidents, resistance to 
serious damage that would allow radiological release from an aircraft impact, higher burn-up to reduce 
fuel use and the amount of waste, burnable absorbers (“poisons”) to extend fuel life. The greatest 
advance from second-generation designs is that many incorporate passive or inherent safety features 
which require no active controls or operational intervention to avoid accidents in the event of 
malfunction, and may rely on gravity, natural convection or resistance to high temperature.   
 
On 11 March 2011, the accident at Japan's Fukushima Daiichi nuclear power plant shocked not only 
the world opinion but also the nuclear industry. In Europe, only projects started before the Fukushima 
Daiichi accident are currently in progress (Olkiluoto-3 EPR in Finland - the first  European reactor of 
Gen III+ which will be put in operation in 2014, and Flamanville-3 EPR under construction  in 
Normandy, France [3]). 
 

 
 

FIG.2.  Olkiluoto-3 EPR Gen III+, Finland (14 November 2011). 
 
In Romania, the Cernavoda NPP was originally conceived as a five unit Power Generating Station, out 
of which only two units are now operational. The reactors are CANDU®6 heavy water-cooled of 
Generation II NPP. The electricity generated annually by the Cernavoda NPP Units 1 and 2 represents 
approximately 20% of the overall electricity production of Romania. For another two units (U3 and 
U4) a turn-key contract for construction and commissioning was signed in 2008. After the Fukushima 
Daiichi accident, the decision to continue this project was put off until 2013. 
 
Shortly after Cernavoda NPP Unit 1 was put into commercial operation, in December 1996, the 
management became well aware of the advantages of implementing a strong Plant Life Management 
Program (PLiM is the name adopted for this Program) in the early stages of the plant’s life [4], such 
as: 

• Understanding the ageing mechanisms and the contributors will help avoid accelerated 
degradation; 

• Adequate countermeasures against degradation can be taken in a timely manner avoiding 
economic penalties; 

• A systematic approach of ageing can sustain the plant’s long term operation, as an international 
experience demonstrates that the plant life extension beyond the design limit is feasible.  
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2. Specific LTO Program at Cernavoda NPP 
 
As Cernavoda NPP started the PLiM program before reaching a third of its design life, it was possible 
to prepare a strategy for the “step by step” implementation.  The step by step implementation 
strategy referred to, [5]: 
 

• A number of programs were selected and developed as pilot projects; 
• Methodologies and procedures for the PLiM program were developed as part of the pilot 

project. Also, the participating personnel received specific training for the PLiM program;  
• Based on the experience gained from the pilot programs, a strong baseline for the mature PLiM 

program development was created; 
• New programs will be added as necessary, with minimum impact on the station’s resources. 

 
Figure 3 shows the main phases of the specific LTO Program at Cernavoda NPP, [6].  Between 
2003÷2006 PLiM specific methodologies and procedures were adopted for a small number of critical 
components with the purpose to understand practically the documentation and implementation needs, 
the requirements for internal and external resources, the changes necessary in the organizational 
structure in order to attain PLiM Program overall efficiency. In 2007 an overall strategy was 
developed to address organizational & procedural needs, personnel qualification and duty area 
changes, integration of new processes with the old ones in order to implement the LTO Program on a 
Multi-Unit Power Plant (U2 entered in operation in 2007).  Since 2008  the  LTO Programe was in 
Implementation phase and a mature program tailored for the needs of 2 Units running  was define.  
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FIG. 3. LTO Program at Cernavoda NPP [6]. 

 
Screening of the critical Systems, Structures and Components (SSCs) affecting the plant’s life, and 
after the systematic assessment of the ageing concerns and verification of PLiM specific criteria  ten 
critical components were selected to be monitored for ageing management as per the LTO program 
specific activities.  These critical SSCs are: Steam Generators, Fuel Channels, Feeders, Turbine 
Generator, Digital Control Computers, Reactor Building Concrete Structure, Power Transformers, 
Heat Exchangers, Cables, Piping Surveillance (FAC, Supports, Snubbers, Expansion Joints).  
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Based both on major maintenance and inspection activities planned for each SSC in U1 & U2 for the 
next ten years (i.e. 2012 to 2021), and on other CANDU®6 stations experience [7],  a complete 
inventory of activities required to implement was gathered together in the Plant  Life Cycle 
Management Plan (LCMP) for 10 years. The CANDU®6  10 years PLiM Program provides the 
systematic Ageing Assessment Studies (Condition Assessments CA, Life Assessments LA and Life 
Cycle Management LCM) need to be developed in order to better manage plant design life and support 
the option of extending to long term operation (LTO), [8]. 
 
3. R&D activities that support LTO for Cernavoda NPP 
 
The development of the LTO Program for Cernavoda NPP  is based on the WANO recommended best 
practices detailed in INPO-AP-913, but for the implementation specific Reference Documents and 
Station Instructions have been prepared in order to sustain PLiM program’s requirements, [6].  The 
Aging Assessment Studies are supported both by the experience of COG R&D Program, EPRI, and by 
the results of research conducted within INR Pitesti. Institute for Nuclear Research Pitesti (INR) is the 
main responsible RTD organization for the development of national technical support of nuclear 
power in Romania. The activity of the Institute is oriented with priority towards applied and 
engineering research within RTD programs, connected to present and future specific issues of NPP, 
especially those using CANDU®6 type reactors [5].  

Thus, the PLiM Pilot Phase  has been covered, referring to the studies on the assessment of critical 
SSCs operation, encompassing the methodology related to the definition of critical SSCs. The works 
have been performed between 2000÷2006, within the INR R&D Program on "Process Systems and 
Equipment". This program deals with the increase of performances of NPP systems and components; 
their upgrading based on the evaluation of their operation behaviour. Another objective of this 
program is to assess and increase the reliability and maintenance of process systems and equipment in 
relation with the Plant Lifetime Management. In order to attain all the objectives of PLiM 
Development Pase and PLiM Implementation Pahe, INR has initiated other R&D Programs for the 
evaluation of “ageing” and the capability to carry on safe operation within the limits of nuclear safety 
(“ fitness-for-service-assessment”) of the key critical components in the Cernavoda NPP, such as: 
“Chemistry, Chemical Control”, “Fuel Channel” and “Steam Generator”.  

The INR R&D Programs in support to LTO Program are focused on:  
 

• Understanding the operating environment and the degradation mechanisms, and developing 
models. 

• Developing and applying the inspection and monitoring technology. 
• Applying models to field data to predict component behaviour and recommend maintenance 

and management activities, and/or develop and qualify the improved components or systems. 
 

3.1. Steam Generators 

CANDU®6 Steam Generators (SG) have had a strong performance history overall, but there are 
several potential degradation mechanisms to consider. Given the significant impact of steam generator 
performance, ageing management is the key to ensuring a long life. Many important secondary side 
internal components are very difficult to inspect and as a result, little may be known about the current 
condition.  
 
The steam generator secondary side chemistry conditions are a key factor in understanding the 
potential for degradation mechanisms. It is important to understand what various chemistry conditions 
can mean to the life of the equipment and be able to define appropriate actions to manage the steam 
generator health. This may include the understanding of the benefit of both primary and secondary 
cleaning activities on steam generators, [8].  The purpose of the INR experimental research consists in 
the assessment of generalized corrosion behavior of the tubes materials (Incoloy-800, [9]) and 
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tubesheet material (carbon steel SA 508 cl.2, [10]) at the normal secondary circuit parameters 
(temperature-2600C, pressure-5.1MPa).  
Refs [9] and [10] present the  INR experimental results of metallografic, Scanning Electron 
Microscopy and as well as the results of electrochemical measurements. 
 
3.2. Fuel Channels 

In the CANDU pressurized heavy water reactor (PHWR),  the nuclear fuel is contained in hundreds of 
Zr-2.5%Nb alloy pressure tubes. The heavy water (deuterium oxide) used as the primary coolant reacts 
with the zirconium on the inside surface of pressure tubes, forming a corrosion film of zirconium 
oxide with the simultaneous release of deuterium (Zr + 2 D2O = ZrO2 + 2 D2).  The deuterium 
generated diffuses into the body of the pressure tube in spite of the physical barrier of the oxide film. 
The deuterium hydrogen tends to accumulate in the regions of high stress concentration, such as crack 
tips of flaws in the zirconium alloy pressure tube. Therefore, an accurate fitness-for-service (FFS) 
assessment of pressure tubes requires an accurate prediction of their deuterium concentration 
throughout the service life of the reactor.  For this reason, the CSA Standard N285.8 [11] specifies the 
upper limit of deuterium concentration above which the integrity of the pressure tube is considered to 
be compromised. 
 
The corrosion and subsequent deuterium ingress are affected by the fast neutron flux, operating time 
(or exposure), fluence (i.e., flux × operating time), temperature, water chemistry, oxide film thickness, 
and microstructure of the zirconium alloy. Because of a complex effect all these factors, the amount of 
deuterium ingress in zirconium alloy samples taken from the population of in-service pressure tubes 
show large variability.  The prediction of the ingress of the deuterium over time is an important step in 
the Fuel Channel Life Cycle Management Plan (FC-LCMP). If at a certain time in the future the 
deuterium concentration is predicted to exceed the code specified limit, extra measures will need to be 
taken to ensure the structural integrity of the pressure tube, [12].  
 
The actual Cernavoda NPP Fuel Channels LTO Program was developed based on the requirements of 
the Canadian Standard CAN/CSA N285.4 “Periodic Inspection of CANDU Nuclear Power Plant 
Components”.  The INR R&D activities related the “DHC and Fracture” will support the 
“Cernavoda Fuel Channel PLiM Program”.  Experimental and theoretical studies have been 
performed to put into the evidence the DHC phenomenon, to measure the main parameters responsible 
for the initiation and propagation of the DHC cracks. The testing set-up, the experimental procedures 
and the method have been developed at INR concerning: hydriding of Zirconium alloy samples using 
the electrolytic method; evaluation on mechanical properties on hydrided samples under uniaxial state 
of stress; threshold tensile stress determination, responsible of hydrides reorientation; measuring of KI 
, KIH parameters; measuring of DHC crack velocity in the longitudinal and axial direction of the 
pressures tubes, [13].  
 
4. R&D Areas to support LTO for Gen II/III NPP 
 
On June 8th 2010 in Prague a Technology Working Group (TWG) was constituted within SNE-TP in 
the area of R&D on Generation II and III Reactors. Its role is to:  
 

• Establish the roadmap and priorities of the R&D in the area of Gen II and III reactors; 
• Propose a mode of cooperation between the different stakeholders in performing the R&D in the 

form of projects and programs;  
• Organize the interactions with European initiatives, national programs, and international 

initiatives, such as NULIFE, SARNET and ENIQ, ETSON, IAEA, …, 
• Analyze the possible advantage of cooperation with parties outside SNETP and recommend 

ways to organize such cooperation. 
 
The NULIFE Network of Excellence (NoE) which is proceeding to permanent legal entity on July 1st  
2012 (“NUGENIA Association” – http://www.nugenia.org )  has played an important role inside the 
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SNE-TP TWG on Gen II/III in proving the operation mode and in implementing some key areas of the 
Gen II and III of the SRA. The Road map for the safe and economic operation of current and future 
GEN II and III reactors (OPERA) was prepared within NULIFE to support the SNE-TP TWG on Gen 
II/III industrial initiatives, [14]. OPERA defines the priorities, targets, project portfolio and future 
scenarios. INR Pitesti is partner both in NULIFE , in the SNE-TP TWG on Gen II/III and in SARNET. 
As part of the evolution  process, the integration of NULIFE, SNE-TP TWG Gen II/III and SARNET  
was considered to be appropiate and has quickly become a priority to avoid redundancy and obtain 
higher efficiency.  The idea of the integration of these three groups has emerged late 2010 and grew 
stronger and stronger in 2011. The approach was confirmed by repeated endorsements of both 
NULIFE and SNE-TP Executive Committees and Governing Boards, the last on October 5th, 2011 
[15].   
 

 
 

FIG. 4. NUGENIA – Nuclear Gen II&III  Association [15] . 
 
The preparation made by NULIFE to create a sustainable entity was used and enlarged to prepare a 
legal entity dedicated to Gen II & III.  It was negotiated to gather all activities within the Gen II & III 
scope into 7 technical areas as follows: 
 

1. Plant safety and risk assessment; 
2. Severe accidents; 
3. Core and Reactor performance; 
4. Integrity assessment and ageing of Structures-Systems-Components; 
5. Fuel development, Waste and Spent Fuel Management and Decommissioning; 
6. Innovative Gen III design; 
7. Harmonization. 

 
This entity was named NUGENIA (Nuclear Gen II & III Association), International Non-Profit 
Association according to the 1923 Belgian law. Its establishment was decided on November 14, 2011 
in Brussels by the partners who made the preparation. It was open right to all nuclear stakeholders in 
the field of Gen II & III.  The ENIQ (European Network for Inspection and Qualification) will be 
integrated into NUGENIA based on the decision of the ENIQ Voting Members (VM) during their 
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special meeting on 28th February 2012.  ENIQ has become the 8th technical area as a cross-cutting area 
in NUGENIA on service inspaction and qualification, [16]. 
 

P o r t f o l i o   A s s e s s m e n t   G r o u p   (G8)
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FIG. 5. NUGENIA R&D Areas to support LTO for Gen II&III [16] . 

 
 
The 1st NUGENIA  Plenary  Meeting was organized on March 26-28, 2012 in Budapest with a clear 
focus to define the Road-maps for each technical area, to create new R&D projects and manage the 
existing portfolio.  The ENIQ Roadmap, which was elaborated by JRC in May 2011 [17],  has been 
accepted for the implementation as a cross-cutting area in NUGENIA. 
 
5. Conclusions 

The objective of this paper is to present the R&D activities that support LTO for Generation II / III 
Nuclear Reactors.  There were presented the PLiM program at Cernavoda NPP and INR R&D 
Experience on Steam Generators and Fuel Channels in support the LTO for CANDU®6 type reactors. 
Recently, on March 20, 2012 the European Association NUGENIA was constituted. SNE-TP mandates 
NUGENIA to act as the body in charge of coordinating at EU level the implementation of the R&D 
within Gen II&III technical scope.  NUGENIA will coordinate, prioritise, monitor and report on R&D 
activities in 8 technical areas to support LTO for Gen II/III NPP. 
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