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Nuclear Energy
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Nuclear Power Technology

Brief History of Nuclear Energy

Nuclear Power Capacity and Power Generation
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 BWR, PWR, AGR, HTGR, GT-MHR

 Cost of Nuclear Power

 Environmental Considerations

 Risks, Conclusions, Recommendations
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Uses of Nuclear Technology

 Medicine

Food and Agriculture

Measurement & Analytics

Industry

Environment

Nuclear Power – Fission, Fusion
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Nuclear Power Technology
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Nuclear Power

• Nuclear power – most controversial of all forms of power generation

• Operating principle – Controlled nuclear fission in a reactor using uranium 

as fuel produces heat, which is captured to produce steam. The steam is used to 

drive a steam turbine, which in turn drives an electric generator.
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Brief History of Nuclear Technology

 The science of atomic radiation, atomic change 

and nuclear fission was developed from 1895 to 

1945, much of it in the last six of those years.

 Over 1939-45, most development was focused on 

the atomic bomb.

 From 1945 attention was given to harnessing this 

energy in a controlled fashion for naval propulsion 

and for making electricity.

 Since 1956 the prime focus has been on the 

technological evolution of reliable nuclear power 

plants – see commercialization of nuclear energy
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Nuclear energy goes commercial -1

Westinghouse designed the first fully commercial 

PWR of 250 MWe, Yankee Rowe, which started up 

in 1960 and operated to 1992

Boiling water reactor (BWR) was developed by 

the Argonne National Laboratory, and the first one, 

Dresden-1 of 250 MWe, designed by General 

Electric, was started up earlier in 1960

 Canadian reactor (CANDU) used natural 

uranium fuel and heavy water as a moderator and 

coolant started up in 1962
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Nuclear energy goes commercial -2

 France started out with a gas-graphite design 

similar to Magnox and started up in 1956

 In 1964, two Soviet nuclear power plants were 

commissioned: a 100 MW boiling water graphite 

channel reactor and a new design (210 MW) 

pressurized water reactor (PWR) water cooled 

power reactor (VVER)

A high-power channel reactor RBMK (1,000 

MW started in 1973, and a VVER with a rated 

capacity of 440 MW began operating (later 1,000 

MW standard design) 9



Nuclear energy goes commercial -3

 In Kazakhstan, the world's first commercial 

prototype fast neutron reactor (the BN-350) started 

up in 1972 with a design capacity of 135 MWe, to 

produce electricity and heat to desalinate seawater

 USA, UK, France and Russia had a number of 

experimental fast neutron reactors from 1959, the 

last of these closing in 2009

Around the world, most countries have chosen 

light-water designs for their nuclear power , so that 

today 69% of the world capacity is PWR and 20% 

BWR. 10



Global Nuclear Power Generation
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http://www.world-nuclear.org/information-library/current-and-future-

generation/nuclear-power-in-the-world-today.aspx 



World Electricity Production by Source

2015
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World Electricity Production by Country

2015
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Variation in Global Electricity Production 

from Nuclear, Wind and Solar
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Long-term Trends in Capacity Factors
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The performance of nuclear reactors has improved substantially 

over time. Over the last 40 years, the proportion of reactors 

reaching high capacity factors has increased significantly. For 

example, 64% of reactors achieved a capacity factor higher than 

80% in 2016, compared to 24% in 1976.



Long-term Trends in Capacity Factors
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There is no significant age-related trend in the median capacity 

factor for reactors over the last ten years.

It appears that nuclear power plants are capable of retaining 

their capacity factors and reliability over the age of the nuclear 

plant.



Number of nuclear power plant 

constructions started each year

from 1954 to 2013. 
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The number of nuclear power plant constructions 

started each year, from 1954 to 2013. Note the 

increase in new constructions from 2007 to 2010, 

before a decline following the 2011 Fukushima 

Daiichi nuclear disaster.



No. of NPPs in Operation and 

Under Construction every year
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Commercially Available Reactor Designs

(units under construction or constructed)
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Commercially Available Reactor Designs

(available but no units under construction)
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There are many future reactor technologies which 

are in various stages of R&D: small modular 

reactors (SMRs) and fast neutron reactors 

(Generation IV technology)



Average Construction Time (1981-2015)
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The average construction time of 34 units started in 

2003 was about 9.4 years. The median reactor was 

constructed in 5.75 years in 2015.



24

Typical 5-year Decision and Consents
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Typical Spend Profile for a Nuclear Plant 

(Million UK Pounds)
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Characteristics of Reactors Relevant Today
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International Uranium Industry
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World’s Major Uranium Producers (tonnes U)
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Reactor types under construction 

worldwide (2014)
For the 70 reactors under 

construction, nearly 89% are 

LWRs, mostly PWRs with 7% as 

PHWRs as second choice. Two 

FNRs are in Russia (BN-800) and 

in India (PFBR). One high 

temperature GCR is being built in 

China. The is a consolidation of 

reactor technology towards LWRs. 

Nearly half of reactors are 

Generation III LWR reactors with 

enhanced safety features against 

severe accidents and improved fuel 

economy.
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Examples of Generation III Reactor Design
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Small Modular Reactors (SMRs) Design

SMRs perform a useful role as they can be 

constructed in regions or countries that have small 

grid systems that cannot support large NPPs. 

However, the economics of SMRs have yet to be 

proven.
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Evolution of Nuclear Reactor Technology

The BNPP is an example of PWR (Gen II)



Pros and Cons of the Reactor 

Technologies
Boiling water reactor (BWR): uses ordinary water as coolant 

and moderator; water in reactor is permitted to boil, and steam 

generated drives a ST; uses enriched uranium as fuel

Pressurized water reactor (PWR) uses ordinary or light water as 

coolant and moderator under pressure so it can not boil; heat from 

the primary water cooling system is captured in a heat exchanger 

and transferred to water in a secondary system, which is allowed 

to boil; uses enriched uranium as fuel

Advanced gas cooled reactor (AGR) employs graphite as 

moderator and CO2 as coolant; the CO2 carries the heat to a heat 

exchanger where it. is used to generate steam to drive a turbine; 

unique to UK
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Pros and Cons of the Reactor 

Technologies
CANDU reactor of Canada uses heavy water as moderator and 

coolant; no need to enrich uranium; can be refueled without 

shutting down;  heavy water coolant is kept under pressure so it 

can not boil and heat is transferred to a light water system in a 

steam generator and the secondary system drives a steam turbine 

like a PWR does

 High temperature gas cooled reactor (HTGR) uses graphite as 

moderator and helium as heat transfer agent; operates at much 

higher temperature and is more efficient

 GT modular helium reactor (GT-MHR) is a development of the 

HTGR and uses helium as coolant but uses a gas turbine, instead 

of a steam turbine, driven directly by the high temperature 

helium; can reach conversion efficiency of 48%
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Most Appropriate Technology for 

Philippines for 1,000+ MW NPP

 Pressurized Water Reactor (PWR) – most 

common (69%) – light water reactor (LWR)

 Boiling Water Reactor (BWR) – next popular at 

20% - light water reactor (LWR)

 Pressurized Heavy Water Reactor (PHWR) –

89% of new construction is LWR and 7% is next 

choice as heavy water reactor (HWR)

Advanced Gas Cooled Reactor (AGR) – unique 

to UK only
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Levelized Cost by technology and 

country (at 10% discount rate)
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Levelized Cost plus System Cost, 

$/MWh (at 7% discount rate)
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Cost of Nuclear Power
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Levelized Cost of Low Carbon 

Options to Meet Electricity Needs
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LCOE = [fixed cost (capital x CRF + fixed O&M) + 

variable cost (fuel, O&M)]/[annual kWh]

CRF = capital recovery factor = i / (1 – (1+i)^-t)



Plant Type

Capacity 

Factor 

(%)

Average Levelized Costs for Power Plants Entering Service in 2016 

(2007 dollars/megawatt-hour)

Levelized

Capital 

Cost

Fixed O&M

Variable O&M 

(including 

fuel)

Transmission 

Investment

Total 

System 

Levelized

Cost

Solar PV 21.7 376.6 6.2 0.0 12.9 395.7

Solar Thermal 31.2 232.1 21.3 0.0 10.3 263.7

Wind - Offshore 33.4 193.6 27.5 0.0 8.6 229.6

Wind - Land 35.1 122.7 10.3 0.0 8.5 141.5

Advanced Coal with CCS 85 87.4 6.2 25.2 3.8 122.6

Nat .Gas  Advanced CC with CCS 87 43.6 2.6 65.8 3.7 115.7

Hydro 52 97.2 3.3 6.1 5.6 114.1

Biomass 83 71.7 8.9 23.0 3.9 107.4

Advanced Nuclear 90 84.2 11.4 8.7 3.0 107.3

Geothermal 90 86.0 20.7 0.0 4.8 111.5

Conventional Coal 85 64.5 3.7 23.0 3.5 94.6

Natural Gas Conventional CC 87 23.0 1.6 55.7 3.7 83.9

Estimated Levelized Cost of New Electric Generation in 2016

Source:  Energy Information Administration, Annual Energy Outlook, April 2009 SR-OIAF/2009-03

Nuclear Energy Cost Competitive
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COAL RESERVES, EXTRACTION 

RATE AND LIFETIME

Primary Energy Source Proven Reserves Annual Production Life Time

(Jan. 1, 2000) 1999 (years)

Fossil Fuels:

  Coal (million short tons) 1,088,602 4,737 230

  Petroleum (billion bbls) 1,017 71,854 39

  (crude oil & NGL)

  Natural Gas(trillion ft3) 5,150 85 61

SOURCE:  US DOE - EIA

• Coal is a finite fuel

• Proven reserves as of Jan. 1, 2000 = 1,088.6 billion short tons

• Annual extraction rate = 4.7 billion short tons

• Coal will still be available for the next 2-3 centuries = 230 years

•Total reserves for crude oil and NGL is 1,017 billion barrels as of Jan. 1, 2000; extraction rate stood at 

71,854,000 barrels per day; may be gone after 39 years.

• Natural gas reserves is 5,150 trillion ft3 while annual gas production stood at 85 trillion ft3; may be gone 

after 61 years. 41



Remaining Lifetimes

(Years = Reserves / Extraction Rate

• Coal = 230 years

• Petroleum = 39 years

• Natural Gas = 61 years

• Uranium (fission) = 250 years

• Plutonium (breeder) = 500-1,000 years 

• Uranium (fusion) = perhaps > 1,000 years

• Solar, Wind, Biomass, Ocean thermal, Ocean 

current, Tidal current = limitless (as long as the 

SUN shines and Earth spins)
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• Advantages of Nuclear Power

- Cheap fuel

- Clean operation

- Low electricity cost

• Disadvantages

- Long construction time

- Catastrophic accident possible

- Radioactive waste disposal problem

- Decommissioning problem

Environmental Considerations
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Recent Nuclear Accidents and 

Disasters
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Actions by IAEA/Nuclear Industry 

after Major Incidents to raise safety

• After Three Mile Island – incorporate 11 

upgrades for BNPP by Puno Commission

• After Chernobyl – after worst nuclear accident 

in history, lead to focus on safe reactor design:
a) RBMKs have no containment 

b) Safety improvement on to all Soviet designed reactors - VVERs

• After Fukushima – majority of NPPs world 

wide conduced stringent stress tests on 12 

action plans

• See Nuclear Safety Review (2012, 2013)
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• Technology Risks – Nuclear power generation technology is a 
mature technology and is well understood.  Construction of a nuclear 
plant based on established technology should present no significant 
technical risk.  Innovations are usually evolutionary in nature, based 
clearly on existing technology, therefore, the technical risks would 
remain low for small improvements.

• Economic Risks – most significant risk is economic because nuclear 
power is capital intensive. The cost of the plant is much higher than 
fossil-fired power plant but the cost of fuel is much lower, thus 
making the nuclear plant construction extremely sensitive to cost 
over-runs. In the US, it takes over 10 years to build so discount rates 
may change dramatically, together with fuel costs and regulatory 
changes which could easily affect the construction schedule by years 
with escalating interests and possible bankruptcy.

• Standardized design – the route around the above problems is to use 
standard design for rapid authorization and modular construction 
techniques. A 1,300 MW reactor was built in Japan in 4 years (1996).

Risks
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Conclusions 1

1) The Philippines Nuclear Regulatory Framework 

is in its infancy but being put in place, mired by 

the mothballing of the BNPP due to safety and 

political issues. The existing institutions 

regulating nuclear energy, safety and efficiency 

needs to be strengthened or set up.

2) The BNPP is a Generation II nuclear power plant 

with numerous safety, locational and O&M 

issues requiring massive upgrades and 

investments and further site investigation
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Conclusions 2
3) As a Pressurized Water Reactor (PWR) 

technology from US Westinghouse, its other 

similar sister power plants like in Korea have 

operated efficiently and safely over a long period 

of time

4) Converting the nuclear boiler of single pressure 

saturated  steam to drive its large diameter turbine 

into a coal-fired or gas-fired triple pressure steam 

boiler to drive a smaller diameter steam turbine 

will result in costly operations due to higher fuel 

costs arising from lower thermal efficiencies 

(33% nuclear vs. 42% coal and 56% gas)
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Recommendations 1

1) Upgrading the Generation II nuclear technology BNPP into the 

more safer and advanced Generation III, III+ or IV nuclear 

technologies will involve numerous and costly upgrades, but 

the site location issues remain, and in the event of a major 

unforeseen nuclear accident, its proximity to population 

centers in Bataan, Central Luzon and National Capital Region 

is a serious safety risk that may not mitigated by the country’s 

emergency, disaster and relief agencies

2) Even Russia, USA and Japan with its advanced nuclear 

technology compared to the Philippines have encountered 

tremendous difficulty and costs in mitigating and recovering 

from nuclear disaster of large nuclear power plants
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Recommendations 2

3) Recent studies of converting the BNPP from a nuclear-fueled 

to a fossil-fueled power plant by replacing the nuclear reactor 

boiler of single pressure saturated steam to drive a large-

diameter steam turbine-generator into a coal-fired or gas-fired 

boiler driving the same old large-diameter steam turbine-

generator will result in long-term inefficiencies and higher 

fossil fuel costs (33% nuclear vs. 42% coal or 56% gas triple 

pressure steam systems) that will be endured by the converted 

fossil power plant during its 30-year economic life. The impact 

of lower net revenues (power sales less O&M costs less fuel 

costs) may not be sufficient to recover the up-front 

investments costs for conversion from nuclear to fossil energy.
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Recommendations 3
4) The last alternative is to scrap the existing BNPP, sell off any 

of its usable components to any existing or similarly-design 

power plants (there is an existing nuclear industry dedicated to 

the manufacture of old nuclear technology components), or 

sell its metal scraps to recover valuable materials

5) The remaining alternative is to use Small Modular Reactors 

(SMRs) to minimize the catastrophic impact of nuclear 

accidents and ensure energy supply security by having the 

nuclear energy option available to the country in the long-term

6) The issues surrounding the BNPP should be discussed 

separately and in another more appropriate forum, but the 

DOE should be ready to respond to any query on BNPP.
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