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Abstract.  The OECD Nuclear Energy Agency (NEA) established the Ad Hoc expert group on the Economics 
of Long-term Operation (LTO) of Nuclear Power Plants. The primary aim of this group is to collect and analyse 
technical and economic data on the upgrade and lifetime extension experience in OECD countries, and to assess 
the likely applications for future extensions. This paper describes the key elements of the methodology of 
economic assessment of LTO and initial findings for selected NEA member countries. 

 

1. Introduction  

In 2011, 289 reactors in the world were older than 25 years, (see Fig. 1), and only 45 new units were 
connected to the grid in 2000-2011. Without life extensions, nuclear capacity would thus fall 
dramatically in the next decade, especially if the construction of new nuclear power plants (NPP) is 
also slowed down as a result of the Fukushima accident. Refurbishments and long-term operation of 
existing nuclear power plants today are therefore important to the competitiveness of the nuclear 
industry in OECD countries as existing nuclear power plants are able to produce base-load power at 
low and stable cost. 

 
FIG. 1. Distribution of reactors operating in 2011 by age and type [1] 

A large number of nuclear power plants, notably 71 units in the United States, have been granted 
lifetime extensions of up to 60 years, a development that is being keenly watched in other OECD 
countries. In the United States, depending on the design, lifetime extension can imply replacement of 
some large components of the plant (e.g. steam generators, head of the reactor pressure vessel, etc.). In 
addition to this, a set of detailed inspections and analysis has to be performed in order to obtain 
regulatory approval for extended operation.  

In some cases the investment in maintenance and capital improvements (i.e., refurbishment) needed to 
reach 40 years is adequate to operate for 60 years. The IAEA study [2] estimated that 60% of the 
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lifetime extension programs in the world would require less than 500 USD2008/kWe of investment. 
Probably this figure now somewhat underestimates the costs of investment in lifetime extensions. For 
instance, the IHS CERA Power Capital Index [3], indicates that the construction costs of new nuclear 
power plants have grown by more than 100% between 2000 and 2009. Hence some inflator to the 
IAEA figure should be applied to make the estimate more current. In particular, the cost of large 
equipment and components has grown significantly between 2000 and 2010. However, the cost of 
some equipment might decrease in the future since reactor builders have significantly developed their 
equipment manufacturing capacities during recent years, and they may have overcapacity because of 
the possible slow-down in nuclear plants building rates following the Fukushima Dai-ichi accident. 
Thus, it is unclear what will be the costs of refurbishment of NPP today. 

Independently of long-term operation, equipment in nuclear power plants is regularly upgraded 
following technology progress and to fulfil new requirements. These requirements are subject to 
change due to external or internal events and, generally speaking, it is a reflection of learning from the 
whole experience of the nuclear industry. Further changes and safety upgrades are currently being 
implemented following the accident at Fukushima. Requirements for external event resistance of 
plants and spent fuel storage facilities, as well as the capabilities to survive losses of offsite power, 
need to be enhanced in some plants. The economic impact of refurbishments associated might 
influence the decision about life extension or not. 

The primary aim of the OECD/NEA project “Economics of the Long-term Operation (LTO) of 
Nuclear Power Plants” is to collect and analyse technical and economic data on the upgrade and 
lifetime extension experience in OECD countries, and to assess the likely applications for future 
extensions. 

2. Criteria for economic assessment of NPP long-term operation 

One should note that an eventual favourable outcome of the economic assessment does not necessarily 
mean that the plant can continue operation beyond the original lifetime or term authorised by licence 
(and expected by the operator). Approval by the country’s nuclear safety authority will also be needed 
to confirm that the refurbished plant complies with their requirements for safe and secure operation. In 
this paper, the main focus is on the economics of refurbishment. 

The economic assessment of long-term operation of nuclear power plants should take into account 
various factors and parameters reflecting current and future financial conditions of operation, political 
and regulatory risks, the state of the plants’ equipment and the general role of nuclear in the country’s 
energy policy. 

In addition to these costs one can expect a specific post-Fukushima impact as a result of new 
requirements following learning from Fukushima. Generally speaking these concern all NPP 
independently of their age, and aim at 

• Preparation of emergency plans and developing infrastructure to deal with several simultaneous 
accidents on the same site or on different sites; 

• Seismic and flooding reinforcements; 
• Increasing electrical autonomy in case of off-site power loss. 

Several countries (especially in the European Union) have already published initial estimates of these 
costs. For example, the estimate in France [4] is a 5 EUR billion increase attributable to Fukushima of 
a total 50 EUR billion initial refurbishment investment programme. Some other European countries 
also reported a 10-15% estimated increase in the LTO costs as a result of implementation of specific, 
Fukushima-induced requirements.  

The development of metrics for evaluating the economics of long-term operation of NPP requires 
consideration of both technical and economic characteristics of the refurbishment processes.  
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The OECD/NEA working group on LTO economics suggests that decision on the advantages or 
disadvantages of continued operation of a given nuclear power plant could be made, from both 
national and  a utility perspective, on the basis of the following figures of merit: 

• Production and asset portfolio  
• Predictability of future electricity prices  
• Need for NPP equipment upgrade and replacement  
• Impact of refurbishment activities on the decennial average of the energy availability factor  
• Risk and uncertainty (site-dependence, political, financial, regulatory) 
• Overnight cost of refurbishment  
• LCOE - Levelised Cost of Electricity Generation after LTO activities  
• Country’s carbon policy and security of energy supply 

 

2.1.  Production and asset portfolio 

This criterion takes into account the share and sources of baseload electricity in the current and future 
energy mix, manoeuvring capabilities of existing power plants (nuclear or not), the cross-border 
electricity trading capacity and grid integration with neighbouring countries. It is considered as 
favourable to LTO if the share of nuclear generation in the national electricity mix is large (more than 
30%), NPP have potential for load-following (this could be important if the share of intermittent must-
run renewable sources of electricity increases in the national energy mix), or the cross-border 
electricity capacity is limited.  

2.2.  Predictability of future electricity prices 

The Predictability of future electricity prices is important for any investment-intensive energy project. 
It depends on several factors, among the most important will be the nature of the electricity market 
(regulated or liberalised), and any special taxation of nuclear. For example, in liberalised electricity 
markets, prices are volatile, and this is not necessarily an incentive for long-term investment in new 
NPP especially using first-of-a-kind Generation III/III+ concepts. The example at Fig. 2 shows the 
evolution of electricity prices in Europe in 2005-2010 in constant USD2010. This is a weighted average 
of spot, quarterly, monthly and yearly future daily price from European Energy Exchange (EEX), 
where the weights are the transaction volumes (yearly futures contracts represent 68%).  

 
FIG. 2 Electricity prices in Europe in 2005-2010 compared to current and projected costs of nuclear 

electricity 
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Comparing the average electricity prices in Europe in 2005-2010 with projected costs of electricity 
generation at new nuclear power plants [5] shows that there is a potential investment risk for utilities in 
building a new NPP. On the contrary, existing NPP are strongly competitive, and their continued 
operation needs lower investment 

2.3.  Need for NPP equipment upgrade and replacement 

The Need for NPP equipment upgrade and replacement measures the current condition of the fleet. 
The obsolescence of equipment of the NPP determines, to a large extent, the investment costs of 
replacement and upgrades. In particular, the state of instrumentation and control (I&C) systems is an 
important factor for safe and economic operation of the plant. Independently from lifetime 
management considerations, some utilities have invested in replacement of some equipment that 
became obsolete or where the spare parts supply can become critical in the future. Thus all nuclear 
power plants in the world have a different degree of obsolescence of equipment.  

2.4. Impact of refurbishment activities on the decennial average of the energy availability  

Additional lifetime management activities (e.g. refurbishment, specific monitoring and inspections, 
etc.) can impact the energy availability factor and capacity factor through extension of certain outages. 
This can result in less operating time, a decrease of revenue and thus impact long-term operation costs 
of NPP. In certain cases, a refurbishment program can improve the capacity factor by reducing outage 
duration in the future. 

2.5.  Risk and uncertainty 

This criterion is key for the decision-making process regarding the NPP LTO. As for nuclear in 
general, the main elements of the risk and uncertainties are driven by the public attitude to nuclear 
power and the associated political risk, together with the regulatory and financial uncertainties. 

The uncertainty associated with the regulatory aspects depends on the licensing regime. In countries 
where the licence is granted for a given operating period (e.g. 40 years in the USA), a formal licence 
renewal process (for 20 years extension) is used as part of a broader regulatory system and has two 
tracks: one for the review of safety issues and another for review of environmental issues. The licence 
renewal application is used to demonstrate that adequate safety levels will be maintained for LTO and 
to provide an assessment of potential environmental impacts from LTO.  

In countries that have chosen the periodic safety review approach, the operator is required to 
periodically perform such a review to assess the capacity of the nuclear power plant to continue 
operation in a safe manner. Based on an analysis of the operator’s review results, the regulator can 
authorise the continued operation of the plant up to the end of the next periodic safety review cycle 
(usually 10 years).  

In some countries, anti-nuclear political movements use the periodic safety reviews of NPP as an 
occasion to challenge their continued operation. In this case the regulatory process becomes a means 
of introducing political risks. 

One may speak of an incentive in LTO only if risks are low compared to uncertainties associated with 
building replacement capacity alternatives. 

2.6. Overnight cost of refurbishment  

The Overnight cost of refurbishment is the measure that evaluates the economic attractiveness of the 
LTO option compared to other options of capacity replacement.  
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2.7. LCOE - Levelised Cost of Electricity Generation after LTO activities  

LCOE after LTO activities indicates the cost of electricity generation with refurbished NPP. It should 
be compared with the projected electricity prices. The OECD/NEA methodology for evaluating the 
LCOE is  

LCOEEO=
∑ �Refurbishmentt +O&MtEO+FueltEO+DecommissioningtEO��1+r ttEOt=-tR

∑ "ElectricitytEO�1+r t $tEOt=1
 

              (1) 

where tR is the refurbishment duration, tEO is the duration of extended operation, Electricityt
EO is the 

amount of electricity produced in year t after refurbishment, r is annual discount rate, Refurbishmentt 
is the refurbishment investment in year t, O&Mt

EO is operations and maintenance costs after 
refurbishment, Fuelt

EO
 is the fuel cost after refurbishment, in year “t”, and Decommissioningt

EO is 

decommissioning cost associated with refurbishment in year “t”. 

2.8. Country’s carbon policy and security of energy supply 

Some countries have to reduce their carbon footprint in order to meet mid- and long-term goals and 
commitments. The recent OECD/NEA study [6] showed that introducing a carbon pricing mechanism 
would strongly improve the competitiveness of NPP in general and in particular LTO programs. 

The security of energy supply is an important political issue for many OECD countries having nuclear 
power plants and considering extension of their operational lifetime. In some countries, the 
contribution of nuclear energy to the country’s level of security of supply is significant. In a recent 
OECD/NEA study [7] a composite index measuring the level of the security has been developed – the 
Simplified Supply and Demand Index (SSDI). It is composed of three weighted contributions taking 
into account the degree of diversity and supply origin of different energy carriers, the efficiency of 
energy consumption by main economical sectors, and the state of the electricity generation 
infrastructure. The SSDI takes its values from 0 to 100 interpreting, respectively, poor and perfect 
state of the security of supply. In Fig. 3, the evolution of SSDI in 1970-2007 for selected OECD 
countries and the contribution of nuclear power to SSDI is presented in Fig. 3. 

  

FIG. 3 Evolution of SSDI in selected OECD countries (left) and contrubtion of nuclear energy (right), [7] 

3. Examples of preliminary assessment results  

Following the Fukushima Dai-ichi accident, it is sometimes suggested that the operating licence of 
older nuclear power plants should not be extended, and that newer Generation III/III+ reactors should 
be deployed instead. However, in most case non-nuclear replacement alternatives are envisaged, based 
on fossil fuel or renewables.  



Alexey Lokhov and Ron Cameron 

6 

According to the estimates provided by member countries to the OECD/NEA Ad Hoc expert group on 
NPP LTO, the specific overnight specific costs of refurbishment in Europe are 500-
1100 USD2010/kWe, i.e. the investment needed is below the overnight investment required in kWe for 
building an alternative capacity (gas-fired or renewables). 

In the case of Hungary, for instance, the refurbishment of all four units of the Paks NPP would lead to 
an LCOEEO of less than 34 USD2010/MWh at 8% discount rate according to our estimates. This is 
significantly below the projected levelised costs [5] of a new nuclear power plant in Hungary 
(approximately 82 USD2008/kWe) or other source. 

Another example is Belgium: The total amount of LTO investment in refurbishment of the oldest units 
Doel 1,2 and Tihange 1 (total capacity of 1828 MWe) is estimated at 900 EUR million (i.e. about 
650 USD2010/kWe). This leads to total generation cost estimates of about 41-43 USD2010/MWh for a 
10-year lifetime extension and about 37-39 USD2010/MWh for a 20-year lifetime extension, for a real 
discount rate of 3-8%. This is significantly below the projected costs of electricity generation with 
alternative sources (see Fig. 4). 

 

FIG. 4 Projected costs of electricity generation in Belgium, at 8% real discount rate 

As of January 2012, 71 of 104 US plants have 20-year licence extension to 60 years. According to the 
EPRI survey on costs of refurbishment, the LTO investment costs are situated in the range 250-1000 
per USD/kWe. Wide variability of responses for all choices indicates significant level of uncertainty. 
Thus, for further evaluations the upper bound of the proposed cost intervals is used i.e 750-1000 
USD/kWe.  

Using this conservative estimate, the LCOEEO for the US NPP with extended lifetime can be compared 
to LCOE with alternative sources: gas, coal and new nuclear (see Fig. 5). The overnight capital costs 
and O&M costs were taken from reference [5]. For the new nuclear power plant, an overnight 
investment of 4500 USD2010/kWe was assumed. The price of coal is assumed to be 50 USD2010 per 
metric ton. Three cases of natural gas prices were considered: low costs (3 USD2010/Mmbtu), average 
case (7 USD2010/Mmbtu) and high case scenario (12 USD2010/Mmbtu).  

Except in case of extremely low long-term prices of natural gas of 3 USD2010/Mmbtu, the extended 
operation of US NPP has the lowest levelised costs of electricity generation. 
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FIG. 5 Projected costs of electricity generation in the United States, at 8% real discount rate  

Even if the NPP LTO seems to be economically competitive, other factors might interfere and prevent 
the extended operation. For example, according to the preliminary assessment of Belgian NPP LTO 
programme (see Tab. 1), it clearly appears to be attractive from the economical, environmental and 
security of supply viewpoints. However, political risks are high, and might challenge the successful 
advancement of the LTO process. 

Table 1 Example of LTO programme preliminary assessment: Case of Belgium 

 Scorea 
(�, �� or ���) 

Comment 

Production and asset 
portfolio  

��� 

The share of nuclear generation in the national electricity mix is large (about 51% in 2009). 
The remaining part is mainly generated by gas fired power plants and coal power plants. 
Belgian NPP do not operate in the load-following mode.  
 
Belgium is very well connected to the transmission networks of the neighbouring countries, 
and several new interconnection projects are currently being developed. 

Predictability of future 
electricity prices  

� 
The electricity market in Belgium is liberalised. There are specific taxes in place (about 
6.5 USD2010/MWh)  that strongly affect the economic profitability of the NPP 

Need for NPP equipment 
upgrade and replacement  

�� 
A significant part of the equipment of the plants is up-to-date. Steam generators have been 
replaced at most of the Belgian NPP have been replaced. 

Impact of refurbishment 
activities on the decennial 
average of the energy 
availability factor (EAF) 

��/��� 
In 2000-2010, the EAF was slightly affected by refurbishment activities e.g. stream 
generator replacement 

Risk and uncertainty (site-
dependence, political, 
financial, regulatory) 

� 

Political risks are high. For example, in 2011 several political parties negotiating to form a 
new governmental coalition agreed that the 2003 nuclear phase-out law closing Doel-1,2 
and Tihange-1 by 2015 and the others by 2025 should be implemented if adequate power 
could be secured from other sources and prices would not rise unduly. 

Overnight cost of 
refurbishment  

��� 

The overnight cost of refurbishment of the oldest Belgian NPP is about 650 USD2010/kWe. 
This is significantly lower projected investment costs in CCGT (more than 
1100 USD2010/kWe), coal plant (more than 2500 USD2010/kWe) or renewables. 

LCOE EO- Levelised Cost of 
Electricity Generation after 
LTO activities  

��� 

The LCOEEO is about 41-43 USD2010/MWh for a 10-year lifetime extension and about 37-
39 USD2010/MWh for a 20-year lifetime extension, for a real discount rate of 3-8%. This is 
significantly below the projected costs of electricity generation with alternative sources.  

Country’s carbon policy and 
security of energy supply 

��� 

-Belgium has a strong national policy on reducing the CO2 emissions from electricity        
  generation. 
-Nuclear power used to be considered as part of the solution.  
-Carbon taxes are expected to be introduced  
-Nuclear plays a significant role in the security of energy supply in Belgium (see Fig. 3). 

a Three stars is the most positive outcome for NPP LTO, one star – the least positive outcome 
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4. Conclusions 

The Ad Hoc expert group “Economics of the Long-term Operation (LTO) of Nuclear Power Plants” 
was established by OECD/NEA in 2011 with primary objectives to assess the economics of the NPP 
upgrade and lifetime extension programmes in OECD countries. 

The purely economic criteria like costs are not the only ones influencing the decision-making process 
regarding the LTO. The OECD/NEA Ad Hoc group on LTO suggests that decision on the advantages 
or disadvantages of continued operation of a given nuclear power plant could be made, from both 
national and utility’s perspectives, on the basis of the following criteria: 

• Production and asset portfolio  
• Predictability of future electricity prices  
• Need for NPP equipment upgrade and replacement  
• Impact of refurbishment activities on the decennial average of the energy availability factor  
• Risk and uncertainty (site-dependence, political, financial, regulatory) 
• Overnight cost of refurbishment  
• LCOE - Levelised Cost of Electricity Generation after LTO activities  
• Country’s carbon policy and security of energy supply 

The cost of refurbishment is likely to increase following the accident at Fukushima, because of new 
requirements for external event resistance of plants and spent fuel storage facilities, as well as the 
capabilities to survive losses of offsite power, which will need to be enhanced in some plants. The 
preliminary estimates of the economic impact of Fukushima on LTO programmes are within 10-15% 
of initially projected LTO investment.  

According to the data available today: 

• the continued operation of a NPP is largely profitable despite the increase (of about 10-15%) of 
costs after Fukushima. 

• The levelised costs of electricity generation after refurbishment are likely to be significantly 
smaller than the projected electricity generation costs for a new plant, even in case of continued 
decrease of natural gas prices. 

In the forthcoming publication (before the end of 2012) the methodology of LTO programmes 
economic assessment will be presented, together with a set of detailed countries’ case studies. As a 
preliminary conclusion, LTO seems to have a considerable number of advantages for a great majority 
of utilities envisaging LTO programmes.  
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