
The Future of Nuclear Energy 
in a Carbon-Constrained 

World
- Findings from a new MIT study -

Jacopo Buongiorno

TEPCO Professor and Associate Head, 
Nuclear Science and Engineering 

Department

Director, Center for Advanced Nuclear 
Energy Systems



The big picture



Global electricity consumption is projected to grow  45% by 2040

The World needs a lot more energy



Low Carbon

Fossil fuels

CO2 emissions are actually rising… we are NOT winning!

The key dilemma is how to increase energy 
generation while limiting global warming



Can we decarbonize using only wind and solar?



Some say yes



Ken Ken Ken Ken CaldeiraCaldeiraCaldeiraCaldeira, Kerry Emanuel, James Hansen, Tom , Kerry Emanuel, James Hansen, Tom , Kerry Emanuel, James Hansen, Tom , Kerry Emanuel, James Hansen, Tom WigleyWigleyWigleyWigley

(Climatologists)

“There is no credible path to climate stabilization that does 

not include a substantial role for nuclear power.”

Ernie Moniz Ernie Moniz Ernie Moniz Ernie Moniz (former U.S. Energy Secretary)

“I know we can’t get there [meeting carbon dioxide 

reduction goals] unless we substantially support and 

even embolden the nuclear energy sector.” 

Emmanuel Macron Emmanuel Macron Emmanuel Macron Emmanuel Macron (President of France)

“My priority in France, Europe and internationally is CO2

emissions and (global) warming… What did the 

Germans do when they shut all their nuclear in one 

go?… They developed a lot of renewables but they also 

massively reopened thermal and coal. They worsened 

their CO2 footprint, it wasn’t good for the planet. So I 

won’t do that.” 

Some say no

We need a low-carbon electricity standard. A well-designed LCES 

could prevent the early closure of nuclear power plants while 

supporting the growth of other low carbon technologies.
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The problem with the all-renewable scenarios 
(South Korea example)

(Source: Clean Air Task Force, Cambridge, MA, January 2019)

Requires >80 GW of energy storage capacity (batteries) ⇒ cost is going to be enormous, 

even assuming Korea has enough land to accommodate all the required solar/wind capacity
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Scenario: 50% solar + 50% wind; used 2015 Korea wind and solar daily-averaged capacity factors
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Do we need nuclear to 
deeply decarbonize the 

power sector?



Nuclear is already the largest source of emission-f ree 
electricity in the US and Europe now
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Target for 2°C scenario 

A nuclear build-up (at historically feasible rate) can 
completely decarbonize the World’s power sector 
within 30 years

Source: Staffan Qvist, 2018

The scalability argument



Nuclear electricity can be deployed as quickly as 
coal and gas at a time of need

The scalability argument (2)
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and fuel costs of power plants, backup and storage + ramp up rates

Excluding nuclear energy drives up the average cost  of 
electricity in low-carbon scenarios
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The economic argument
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Tianjin-Beijing-Tangshan Results

To meet constraint 
without nuclear 
requires significant 
overbuild of 
renewables and 
storage
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By contrast, installed 
capacity is relatively 
constant with nuclear 
allowed 



The business opportunity for nuclear expands 
dramatically, even at modest decarbonization

targets, if its cost decreases



The cost issue
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Historic Plants Recently Completed, Proposed or Under Construction

• Complete design before starting construction, 
• Develop proven NSSS supply chain and skilled 

labor workforce, 
• Include fabricators and constructors in the design 

team,
• Appoint a single primary contract manager,

An increased focus on using proven project/construc tion management 
practices will increase the probability of success in execution and delivery of 

new nuclear power plants

Nuclear Plant Cost

• Establish a successful contracting structure,
• Adopt a flexible contract administrative 

processes to adjust to unanticipated changes, 
• Operate in a flexible regulatory environment that 

can accommodate changes in design and 
construction in a timely fashion.



Civil works, site preparation, installation and indirect costs 
(engineering oversight and owner’s costs) dominate

Sources: Sources: Sources: Sources: 

AP1000:AP1000:AP1000:AP1000: Black & Veatch for the National Renewable Energy Laboratory, Cost and Performance Data for Power Generation Technologies, Feb. 2012, p. 11

APR1400:APR1400:APR1400:APR1400: Dr. Moo Hwan Kim, POSTECH, personal communication, 2017

EPR:EPR:EPR:EPR: Mr. Jacques De Toni, Adjoint Director, EPRNM Project, EDF, personal communication, 2017 

Nuclear Plant Cost (2)
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A shift away from primarily field construction of 
cumbersome, highly site-dependent plants to more se rial 

manufacturing of standardized plants
(True for all plants and all technologies)

Standardization on multi-unit sites Seismic Isolation

Modular Construction Techniques and Factory 

Fabrication

Advanced Concrete Solutions



With these innovations it should be 
possible to: 

� Shift labor from site to factories ⇒ reduce installation 
cost

� Standardize design ⇒ reduce licensing and 
engineering costs + maximize learning

� Shorten construction schedule ⇒ reduce interest 
during construction

We judge the potential capital cost reduction in the range 
of 20-50%



Advanced reactors



Advanced Reactors (SMRs and Gen-IV)

High Temperature 

Gas-Cooled Reactors
Sodium Fast Reactors Fluoride High 

Temperature Reactors

Gas-Cooled Fast Reactors Lead-Cooled Fast Reactors Molten Salt Reactors

Small Modular 

Reactors



Potential Advanced Reactor Missions

• Cheap grid-connected electricity
• Process heat and high temperature 

applications
• Flexible operation
• Microreactors for off-grid electricity and heat
• Desalination
• Improved fuel cycle (fuel recycling/waste 

burning)



Demonstrated inherent safety 
attributes:

• No coolant boiling 

• High thermal capacity

• Strong negative 
temperature/power 
coefficients

• Strong fission product retention 
in fuel, coolant and moderator

• Low chemical reactivity

+

Engineered 

passive safety 

systems:

– Heat removal

– Shutdown

=

� No need for 

emergency  AC 

power 

� Long coping 

times

� Simplified design 

and operations

� Emergency 

planning zone 

limited to site 

boundary

Active Active Active Active 

Safety Safety Safety Safety 

SystemsSystemsSystemsSystems

Leading Gen-IV systems exploit inherent and passive safety features to reduce 

the probability of accidents and their offsite consequences.  Their economic 

attractiveness is still highly uncertain.

What is the value proposition for advanced reactors ?

We judge that advanced LWR-based SMRs (e.g. NuScale), and mature 

Generation-IV concepts (e.g., high-temperature gas-cooled reactors and sodium-

cooled fast reactors are now ready for commercial deployment.



Methodology:
• EPA database for US sites emitting 25,000 ton-CO2/year or more
• Site must need at least 150 MWth of heat
• Nuclear heat delivered at max 650°C (with HTGR technology)
• At least 2 reactors per site for assured reliability
• Heat from waste stream not accessible
• Costs not evaluated

What is the value proposition for advanced reactors ? (2)

There exists a small (but not insignificant) potential 
market for nuclear heat 

∼240 million metric tons of CO2-equivalent per year (>7% 

of the total annual U.S. GHG emissions)



The government role



Government should

1) Help to preserve the existing fleet as an essential  
bridge to the future to avoid emission increases:

� Keeping current NPPs is the lowest cost form of constraining 
carbon emissions

� Zero Emission Credits are doing the job in NY, IL and NJ



Extending the lifetime of existing reactors is 
the lowest-cost approach to avoiding a CO 2
emission increase (the example of Spain)

The Climate and Economic Rationale for Investment in Life Extension of Spanish Nuclear Plants, by 
Anthony Fratto Oyler and John Parsons, MIT Center for Energy and Environmental Policy Research 
Working Paper 2018-016,  November 19, 2018. http://ssrn.com/abstract=3290828

Life-Extensions for all 7 reactors. No nuclear scenarios.



2) Improve the design of competitive electricity mar kets

• Develop a durable political solution for spent fuel 
disposal to spur private investment in new nuclear

• Focus government research spending on innovations 
that lower capital cost of NPPs vs. fuel cycle 
innovations, reductions in waste streams and recycling

Decarbonization policies should create a level playing 
field that allows all low-carbon generation technologies 
to compete on their merits
Ensure technology neutrality in capacity markets
Enable investors to earn a profit based on the full value 
of their product (including reduction of CO2 emissions)

3) Help to remove the roadblocks (waste and cost)

Government should also…
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Take-away messages
• The opportunity is carbon

• The problem is cost

• There are ways to reduce it

• Government’s help is needed 
to make it happen



Backup slides



Challenge # 3:Challenge # 3:Challenge # 3:Challenge # 3:
Nuclear Waste DisposalNuclear Waste DisposalNuclear Waste DisposalNuclear Waste Disposal



One person’s total 

lifetime’s volume 

of high level 

radioactive waste 

if they used 

nothing but 

nuclear energy for 

their whole life. 

Mostly a political problem (e.g. in Germany transport of high-level 

waste routinely draws scores of anti-nuclear protesters)

The volumes are SMALL!The volumes are SMALL!The volumes are SMALL!The volumes are SMALL!



• Spent fuel in storage pools 
for 5-10 years

• Then transferred to sealed 
dry casks: 80 casks needed 
for all spent fuel produced by 
a 1000-MW reactor in 60 
years (small volumes!)

• Dry casks are completely 
safe to handle and last for 
decades with minimal 
maintenance

Current practice in the USCurrent practice in the USCurrent practice in the USCurrent practice in the US



Robust technical options are available (e.g., excavated tunnels or 
deep boreholes); challenges are always political, with examples of 
success (Finland, Sweden) and failure (U.S.)

Ultimate disposal is in geological repositories
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Korea could deeply decarbonize its power 
sector with nuclear in 4 cumulative steps

Preliminary results from “U.S.-ROK Cooperation on Nuclear Energy to Address Climate Change”, Nuclear Innovation Alliance, December 2018

95CF: Existing reactors achieve 95% capacity factor. Retirements at 40 years. 

Ongoing construction projects completed. No new builds.

60LE: Existing reactors extended to 60 years.

88NB: 8.8 GW of cancelled reactors reinstated as new builds. (Assumes 

$2300/kWe OCC for new APR14000 units.)

ZC: Remaining coal generation replaced by LNG.

Estimated impact on overall system power costs in the ROK from this 

deep decarbonization could be quite small (<$10/MWh)



Why a new study

The nuclear industry is facing an existential crisis 
(especially in the U.S. and Europe)

The aftermath of Fukushima

Competitive pressure 
from cheap natural gas

Political factors

Self-inflicted wounds



Cost ($/kWe) HTGR SFR FHR 
(Large) FHR (Small) MSR 

Machine Size 4 x 600 
MWth 

4 x 840 
MWth 3400 MWth 12 x 242 

MWth 
2275 
MWth 

Design Stage 
Conceptual 
approaching 
Preliminary 

Conceptual 
approaching 
Preliminary 

Early 
conceptual  

Early 
conceptual 

Early 
conceptual 

Direct Cost 2400 2500 2100 2300 2500 

Indirect Cost 1400 1600 1400 1300 1700 

Contingency  800 800 1100 1100 1200 

Total Overnight 
Cost 4600 4900 4600 4700 5400 

Interest During 
Construction 600 700 600 700 700 

Total Capital 
Invested 5200 5600 5200 5400 6100 

 

Independent cost estimates for advanced reactors confirm importance 
of civil works (buildings and structures) and indirect costs, and do not 
suggest significant cost reduction with respect to LWRs

What is the value proposition for advanced reactors ? (2)



Uncertainties in cost estimates for large, complex 
projects

Early-stage cost estimates are unreliable predictors of the eventual cost of 
mega-projects. This is valid across all nuclear technologies and also large 
non-nuclear mega-projects.

Conventional View Reality



Construction labor productivity has 
decreased in the West

Why are nuclear construction projects in the 
West particularly expensive?



Why are nuclear construction projects in the 
West particularly expensive? (2)

Construction and 
engineering wages are 
much higher in the US 
than China and Korea

Source: Bob Varrin, Dominion Engineering Inc.

Estimated effect of 
construction labor on 
OCC (wrt US): 
-$900/kWe (China)
-$400/kWe (Korea)
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Reduce Capital Cost
Reduce 

O&M and 
Fuel Costs

Boost 
Revenues

Boost 
Efficiency

Modular
Construction

Advanced
Concrete

Robotics
Energy 
Storage

Hydro-phobic/hydro-
philic Coatings

Seismic 
Isolation,

Embeddment

Accident Tolerant 
Fuels

Advanced
Informatics and 

I&C (AI, 
machine 
learning)

Brayton Cycles

3D Printing Advanced 
Decommissioning

Oxide 
Dispersion-

Strengthened
Alloys

Chemicals 
Production

Supercritical CO2

What innovations could make a difference?

Must focus on:
� Shifting labor from site to factories ⇒ reduce installation cost
� Relentlessly pushing towards standardization and multi-unit sites ⇒

reduce licensing and engineering costs + maximize learning
� Shortening construction schedule ⇒ reduce interest during construction

Beware of buzzwords and distractions



Modular Construction

Experience from chemical 
plants, nuclear submarines, 
Japanese ABWR series 
suggests potential impact on 
capital cost reduction in the 
10-50% range



Advanced Concrete

• High-strength 
reinforcement steel (grades 
80 and above)

Reduce rebar density:

Adopted in many non-nuclear projects

Key challenge is extending to nuclear 
codes and standards

Sites of structures using DuctalSites of structures using DuctalSites of structures using DuctalSites of structures using Ductal®®®® concreteconcreteconcreteconcrete

Eliminate rebar and 
form work:

Prefabricated Steel Plate 
Composites (SPCs) filled 
with concrete onsite
Ultra-High Performance 
Concrete (UHPC) shells 
with metallic fibers



Seismic Isolation

• Isolation is cost 
effective above peak 
ground accelerations 
of ∼0.2 g

• External shield building 
cannot be thinned 
because of airplane 
crash protection

Lighter superstructure (especially SCC supports within 
shield building) and site-independent designs

Courtesy of A. Whittaker (U-Buffalo) and J. Coleman (INL)
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Preserving the existing nuclear fleet requires 
compensating it for its zero-carbon value

A $12-17/MWh credit would be enough to keep US nuclear power plants open



Existing Reactors

• Existing nuclear reactors are cost-efficient providers of 
low-carbon electricity

• Recognized in Zero Emission Credits established in US states 
NY, IL, NJ

• Premature closures undermine efforts to reduce CO2
and other power sector emissions

• Increase the cost of achieving emission reduction targets

• Life-extensions of existing reactors are usually a cost-
efficient investment



Existing reactors (the example of Spain)

The Climate and Economic Rationale for Investment in Life Extension of Spanish Nuclear Plants, by 
Anthony Fratto Oyler and John Parsons, MIT Center for Energy and Environmental Policy Research 
Working Paper 2018-016,  November 19, 2018.
http://ssrn.com/abstract=3290828

Life-Extensions for all 7 reactors. No nuclear scenarios.



Electricity Market Policy

• Current wholesale electricity prices 
do not fully compensate nuclear 
plants for the low-carbon attribute.

• Out-of-market subsidies target 
renewables exclusively, reducing 
market revenues to nuclear.

• Encourages premature closure.
• Discourages investment in life-extensions.

• Public policies to advance low-carbon generation should 
treat all technologies comparably.

• Recognized in recent solicitations by US state of CT.
• Many alternatives: cap-and-trade, carbon tax, clean energy 

standards.



• Government provides site security, 
cooling, oversight, PIE facilities, etc.

• Government provides targeted 
objectives, e.g. production of low-cost 
power or industrial heat, for which it is 
willing to provide production payments 
as an incentive

• Government takes responsibility for 
waste disposal  

• Companies using the sites pay 
appropriate fees for site use and 
common site services

• Supply high assay LEU and other 
specialized fuels to enable tests of 
advanced reactors

How the government can aid 
deployment of new nuclear technologies (1)

Governments should establish reactor sites where companies can 
deploy prototype reactors for testing and operation oriented to regulatory 
licensing.



High upfront costs and long time to see return on investment

Early government support helps. 4 “levers”:

- Share R&D costs - Milestone payments

- Share licensing costs - Production credits

How the government can aid 
deployment of new nuclear technologies (2)


