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Decarbonisation post-Paris

We made it to the base camp... 

... but there’s a tough climb still ahead
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Even gas becomes a HIGH carbon resource 
in a decade

t/mwh
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China ramping up nuclear capacity

 On average a reactor every 
quarter

 2020 target: 88 GW in 
service and under 
construction

 Electricity demand 
slowdown has had no 
visible impact

 3rd generation models 
under construction, 
advanced reactor design 
demonstration

Pilot project: high-temperature, gas cooled reactor

Nuclear plays a significantly bigger role than solar in diversifying away from coal
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Russia: the 2nd biggest domestic program 
with global export ambitions

 Rosatom: uranium mining to 
reactor operation vertical 
integration

 9 reactors under construction 
in Russia

 Technology + construction + 
finance agreements in 
Vietnam, Turkey, Hungary, 
Egypt etc

 Are the financing packages
sustainable at 50 $/barrel?

Robust political support for nuclear despite abundant domestic gas and a weak climate 
policy



© IEA 2016

India: towards a coal + renewables 
system?

Pro – nuclear 
government

Rapid growth of 
baseload 
demand

 Legal, land use 
and social 
acceptance 
challenges
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Nuclear capacity in India

WEO 2015

Steady growth of nuclear but its share remains below 15% even with a strong climate 
policy
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Nuclear is still by far the largest low 
carbon source in both the EU and the US
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h

Losing the existing nuclear capacity would knock back decarbonisation by at 
least a decade
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Wind and solar will have to pull very hard even 
if nuclear stays in the low carbon mix

US

US and Europe power generation growth to 2040, 450 ppm scenario

Europe
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Wind and solar are increasingly attractive

Recent announced long-term contract prices for new renewable power to be commissioned over 2016-2019

Chile

On a levelised cost basis wind and solar can outcompete other technologies, 
making integration rather than cost the key issue
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Low cost of capital can benefit nuclear as 
well
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The ability to integrate renewables is improving 
but most experience is at moderate shares

Dispatchable
power plants

Energy storage 
facilities

Integration
with adjacent 

markets

Demand side 
Response 

(via smart grid)

Industrial
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The biggest constraint for solar PV

At 40 latitude (Beijing, London, New York) up to 80% of PV production is between mid 
March and mid October
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Climate policy, cheap renewables and 
new nuclear construction

• Carbon pricing, derisking and 
policy design

• Utility balance sheets and 
institutional investor 
appetite

• Project management 
performance
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Agenda

1) Economic Stress on Nuclear Power

▀ Cost and Revenue Pressures in the U.S.

▀ Recent and Planned Nuclear Retirements

2) Benefits and Regional Consequences

▀ Case Study: Nuclear Power’s Contribution to NY State Economy

▀ A Piece of the Carbon Solution

3) Looking Forward – Opportunities and Challenges

▀ Integration with Renewables

▀ Technology Cost Comparisons

▀ Spent Nuclear Fuel Management
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Nuclear Plant To-Go Costs

Viability of nuclear fleet depends on plants’ 
future avoidable costs (fuel, O&M, CapEx), 
not average total costs (costs for financing 
are “sunk”)

▀ To-go costs increased over most of the last 
decade, but have declined more recently

− From 2002 – 2015, fuel costs rose 
cumulatively by 21% and O&M increased by 
11% in real terms

− Largest rise in capital costs, increasing by 
over 100% from $3.92/MWh in 2002 to 
$7.97/MWh in 2015

− Capital repair and replacement expenditures 
due to investment in power uprates, 
compliance with regulatory requirements, 
equipment upgrades for renewal of 
operating license (often cyclical spending)

Source: The Brattle Group, plants costs from Nuclear Costs in 
Context, NEI April 2015, collected by EUCG (excludes shutdown 
plants, as well as Fort Calhoun, Fitzpatrick, and Pilgrim where 
data was not provided).

Annual Average Nuclear Plant Costs (2015 $/MWh)

Existing Plant Costs by Size and Operator 
(2015 $/MWh)
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Power Markets Outlook
Low wholesale energy prices persist due to economic pressures and policy 
goals
▀ Low electricity demand following recession and low natural gas prices (often setting 

the market clearing price for power as the marginal fuel)
▀ Forward power markets indicate  continuing future low prices

Source: Historical spot prices and forward prices from SNL Energy.

Average All-Hours Spot and Forward Prices, 2008 – 2018 ($/MWh)
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Underlying Causes: Gas, Growth, Renewables (I)
Low natural gas prices are a primary driver of low energy market prices
▀ Steady decrease in near-term prices over the past few years

− Deep shale reserves and low offtake capacity
− Mothballed wells available for reopening will keep prices low  

▀ Forward price curve has dipped, now almost flat over coming decade

Source: Historical natural gas spot prices from SNL Energy; futures as of October 2016 
from SNL Energy (sourced from NYMEX) and AEO 2016 reference case.

Average Annual Gas Spot and Futures Prices, 2008 – 2028
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Demand forecasts reflect increased focus on energy efficiency and 
distributed generation

▀ Trend will be exacerbated by declining costs of end-use energy management 
technologies—though those will eventually require expensive system 
reconfiguration, controls, and data systems for integration.

Underlying Causes: Gas, Growth, Renewables (II) 
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Underlying Causes: Gas, Growth, Renewables (III) 
% of U.S. Net Generation by Technology

% of U.S. Net Summer Capacity by Technology

2000: 3,802 TWh 2015: 4,080 TWh

U.S. Electric Generation/$GDP

1995: 330 GWh/ $billion
2005: 285 GWh/ $billion
2015: 249 GWh/ $billion

(in billions of chained 2009 dollars)

2015: 1,041 GW 2030: 1,091 GW

Sources:  1990-2015 Net Generation by State by Type of Producer by Energy Source 
(EIA-906, EIA-920, and EIA-923), https://www.eia.gov/electricity/data/state/; 2016 
AEO Reference Case, Table 9; U.S. GDP from Bureau of Economic Analysis, US Dept. 
of Commerce, http://www.bea.gov/national/Index.htm.

Natural gas and renewables’ share 
of generation is growing, while coal 
is falling behind 

▀ From 2000 – 2015, gas generation 
nearly doubled while coal cut by more 
than one-third

▀ Although total generation is increasing, 
efficiency is improving (in terms of 
GWh/$GDP)
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Recent and Planned Nuclear Retirements

There are about 13.3 GW of completed 
and announced retirements in the U.S.

▀ Economic pressures: low gas prices, 
more renewables, recession/low load 
growth)

▀ Policy pressures: expanded 
renewables and energy efficiency, 
ongoing public apprehension of 
nuclear

▀ Technical issues: aging fleet; 
sometimes major repair or upgrades 
needed; high costs of compliance 
with water regulations (OTC) 

Several other units (about 4 GW) often 
perceived as “at risk” for retirement: 
Duane Arnold, Fermi, Palisades, Point 
Beach

Unit(s) Nameplate MW Retirement Year

SONGS 2,286 2013

Crystal River 898 2013

Kewaunee 597 2013

Vermont Yankee 676 2014

Quad Cities 2,019 2018 (Planned)

Fort Calhoun 577 2016 (Planned)

Diablo Canyon 2,323 2024 (Planned)

Pilgrim 665 2019 (Planned)

Clinton 1,188 2017 (Planned)

Oyster Creek 550 2019 (Planned)

Fitzpatrick 917 2017 (Planned)

Ginna 605 2017 (Planned)

Source: The Brattle Group, capacity from The Velocity Suite, ABB.
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Plants at Risk: Profitability of Nuclear Power
▀ In 2015, our estimates indicate that ~25% of the 

merchant fleet were unprofitable, or were earning 
less than 10% operating margin on to-go costs

− Reflects a single period snapshot, not a full life-cycle 
look-ahead (which could be worse in some locations)

− Full viability should consider alternative scenarios and 
optionality

▀ “Merchant” plants depend on revenues from 
wholesale and capacity markets to cover their 
operating costs

▀ Whereas, vertically-integrated utilities recover 
investment and operating costs through regulated 
retail rates

− Some regulated plants, such as Fort Calhoun, among 
others, also in question due to poor economic prospects

− But shutdown decisions of regulated plants involve 
more concerns, such as reliability, replacement power, 
transmission system impacts, etc.

Nuclear Plant Fleet Profitability 
(2015 Snapshot)

Source: Chupka, Celebi, & Graves, The 
Brattle Group, Power Markets Prices, 
Nuclear Generation & Greenhouse Gas 
Policy, for EUEC 2014 Conference; Brattle 
Research.
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Environmental Benefits of Nuclear

In 2015, nuclear energy provided 20% of all U.S. net generation and nearly 60% of 
the carbon-free electricity generated in the U.S. -- considerably more energy than 
solar, wind, and hydroelectricity combined. 

▀ A single 1,000 MW nuclear unit produces as much electricity (and offsets about as 
much carbon emissions) as about one-third of the entire U.S. grid-connected solar 
PV fleet in 2015

− Total utility solar capacity was about 13 GW

− 1,000 MW nuclear unit produces about 8 million MWh per year, while the generation 
output from the utility-scale solar PV fleet in the U.S. was 23 million MWh in 2015

− Loss of three large nuclear units would negate environmental benefits of all currently 
operating utility solar PV generation for the nuclear units’ remaining license lives

▀ Closures of Kewaunee (566 MW) and Vermont Yankee (604 MW), only 1% of total 
generating capacity of U.S. nuclear fleet, have already resulted in increasing CO2

emissions by around 6.4 million tons per year

− Equivalent to adding about 1.2 million cars to the road

▀ In addition, there are foregone economic benefits from nuclear closures, many not 
recognized directly (not internalizable) by the owners.

Source: The Brattle Group, Nuclear Retirement Effects on CO2 Emissions.
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Case Study

Nuclear Power’s Contribution to NY State Economy

Brattle recently completed a study on what the consequences would be if 3 
plants (Fitzpatrick, Ginna, Nine Mile Point) were shutdown prematurely

▀ Total capacity: 3,345 MW; Estimated generation: 25.7 TWh

▀ 7% of NYISO capacity; 15% of NYISO generation

Impact on electric generation mix:

▀ Average wholesale electricity prices from 2015 – 2024 increase by about $10/MWh

▀ Natural gas-fired plant generation would increase from 40% to 54%

Emissions Impact:

▀ Upstate nuclear generation avoids 16 million tons of CO2 emissions annually,

▀ A societal value of $700 million per year at $43/ton social cost of carbon

Economic impacts beyond alternative electric supply:

▀ 24,800 direct and secondary jobs

▀ $3.16 billion annually to state GDP; $5.25 billion annually to gross output*

▀ $721 million in state and federal tax revenues annually

*Gross output is a measure of industry sales, including sales to final users and intermediate sales  to other industries.

Source: The Brattle Group, New York’s Upstate Nuclear Power Plants’ Contribution to the State Economy.
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New York’s Zero Emissions Credits (ZECs)

Recently, efforts to recognize the zero-carbon benefits of 
nuclear power have been pursued in New York State:
▀ New York’s Clean Energy Standard mandates that half of the state’s power 

come from renewable resources by 2030

▀ The Standard includes a support provision for upstate NY nuclear plants in 
the form of Zero Emissions Credits (ZECs)

▀ Based on the federal Social Cost of Carbon estimate of $42.87/short ton in 
the near term, and netting out the implicit carbon value captured in power 
prices through the Regional Greenhouse Gas Initiative (RGGI), the ZEC 
payments amount to $17.48/MWh initially

▀ Going forward, the ZEC value will be reduced by the amount of increase in 
the market price of power, and adjusted with changes in the Social Cost of 
Carbon
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Emission Spillovers from Nuclear Shutdown
Brattle evaluated the impacts of hypothetical 1000 MW nuclear retirements in 
each region of the country on other regions.  

Source: The Brattle Group, Nuclear Retirement 
Effects on CO2 Emissions.

▀ We find that  each such retirement would 
result in 4–7 million short tons CO2 per year in 
the short run

− 0.52–0.84 tons per MWh of retired nuclear 
generation, varying regionally with marginal 
fuels

− Most replacement generation comes from 
outside the state, confounding other areas’ 
local environmental planning

▀ It would require only $5–20/MWh to support 
most existing nuclear and avoid these 
emissions increases

− Below social cost of CO2 at $7–29/short ton, 
and consistent with New York’s ZEC payments

− A much lower cost of CO2 abatement than 
some renewables, although renewables are not 
solely built for carbon-reduction purposes

Geographic Breakdown of 
Emission Increases (Percent)
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Nuclear vs. Renewables?

Nuclear and renewables are sometimes portrayed as 
incompatible in the U.S.
▀ Benefit of emissions-free nuclear generation not fully recognized

▀ Most states have renewable portfolio standards and other programs that 
incentivize wind and solar development, sometimes at very high cost of 
avoided CO2

▀ Part of the problem is the system cost of integrating lots of renewables is not 
fully understood or apparent  (esp. when not yet very deep penetration)

▀ Current inflexible nuclear output sometimes criticized as making renewable 
integration more difficult, or making nuclear plants less useful

▀ U.S. needs to come to terms with GHG repercussions of retiring nuclear 

But some other systems have figured it out

▀ In Ontario, many units capable of load-cycling through reactor power changes 
and steam bypass systems

− Nuclear fleet is key to maintaining Ontario’s low-carbon grid

▀ In France 80% of energy is met by nuclear; output is changed intraday
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Net Cost of New Technologies

Nuclear and renewables typically not 
easily evaluated on an “apples to apples” 
basis.

▀ Examining both LCOE and LACE is helpful 
for making a useful comparison

▀ Existing nuclear LCOE mostly $33–45/MWh, 
but it varies by unit

− Close to LACE break-even in many parts 
of the country

▀ LCOE cost of renewables reflects significant 
tax credits and no integration costs:

− EIA, for example, uses $7.6/MWh for 
onshore wind; $18.4/MWh for solar PV

− No regional transmission, system 
integration, or additional flexible backup 
capacity to maintain reliability reflected 
in renewable LCOE or LACE

Source: EIA, Levelized Cost and Levelized Avoided Cost of New 
Generation Resources in the Annual Energy Outlook 2016, August, 
2016.

EIA Annual Energy Outlook 2016
Comparison of Cost (LCOE) and Revenue (LACE)

LCOE = Levelized Cost of Electricity (2015 $/MWh)
LACE = Levelized Avoided Cost of Electricity (2015 $/MWh)

With Tax Credits
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Spent Nuclear Fuel Management

SNF sometimes posed, especially in political discussion, as a 
purported extreme barrier to nuclear use. But in fact…

1. Industry spent nuclear fuel volumes are quite small

▀ Industry-wide annual discharges ~2,500 metric tons; cumulative discharges to date around 
75,000 MTU

− Lifetime waste from shut-down Connecticut Yankee reactor (619) fits in 43 storage casks 
on a 100 ft × 200 ft concrete pad, or about about 1,000 tons/acre

− In principle, entire industry output of nuclear could fit on 200 acres

▀ Compare to annual waste of a single 1,000 MW state-of-the-art supercritical coal plant:

− 250,000 tons ash per year (over 3x cumulative nuclear MTUs SNF from 1970 to present)

− 6,600,000 tons. CO2 vs. zero for nuclear (and no criteria pollutants)

2. Dry SNF storage is very durable and secure

▀ 9 casks at Fukushima unharmed while wet pools nearly became catastrophic

▀ Transport requirements to central repository would be modest: 2 6-car trains could handle 
total US shipping needs every year

3. Dry storage also preserves fuel for potential future use (e.g., some SMR designs) 
and allows cooling before permanent storage
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Additional Resources
EIA Annual Energy Outlook

▀ Includes long-term projections of fuels, electricity, and transportation industries
▀ http://www.eia.gov/forecasts/aeo/

New York Clean Energy Standard
▀ Rules and requirements
▀ http://www3.dps.ny.gov/W/PSCWeb.nsf/All/56C58A580D2CF2E185257FD4006B90CE?OpenDocument

NEPOOL Integrating Markets and Public Policy
▀ Stakeholder discussions on combining wholesale market design and public policy objectives
▀ http://www.iso-ne.com/committees/participants/wholesale-markets-state-public-policy-initiative

Nuclear Costs in Context, NEI, April 2015
▀ http://www.nei.org/CorporateSite/media/filefolder/Policy/Papers/Nuclear-Costs-in-Context.pdf?ext=.pdf

SNL Energy
▀ Historical electricity spot prices and forward prices as well historical gas spot prices and futures

2015 NERC Long-Term Reliability Assessment, December 2015
▀ http://www.nerc.com/pa/RAPA/ra/Reliability%20Assessments%20DL/2015LTRA%20-%20Final%20Report.pdf

1990–2015 Net Generation by State by Type of Producer by Energy Source (EIA-906, EIA-920, and EIA-923) 
▀ https://www.eia.gov/electricity/data/state/

Bureau of Economic Analysis, US Department of Commerce
▀ http://www.bea.gov/national/Index.htm

The Velocity Suite, ABB
▀ Source for nuclear unit generating capacities

Power Markets Prices, Nuclear Generation & Greenhouse Gas Policy, Chupka, Celebi & Graves, for EUEC 2014 Conference
▀ http://www.brattle.com/system/publications/pdfs/000/005/012/original/Power_Market_Prices__Nuclear_Generation___Greenhouse_

Gas_Policy.pdf
New York’s Upstate Nuclear Power Plants’ Contribution to the State Economy, Mark Berkman and Dean Murphy 

▀ http://www.brattle.com/system/publications/pdfs/000/005/229/original/New_York's_Upstate_Nuclear_Power_Plants'_Contribution_to
_the_State_Economy.pdf?1449526735

Brattle Research on Nuclear Retirement Effects on CO2 Emissions

Centralized  Dry Storage of Nuclear Fuel: Lessons from US Industry Experience and Fukushima
▀ Frank Graves, Glen Graves, and Mariko Geronimo, The Brattle Group white paper, August 2012

http://www.eia.gov/forecasts/aeo/
http://www3.dps.ny.gov/W/PSCWeb.nsf/All/56C58A580D2CF2E185257FD4006B90CE?OpenDocument
http://www.iso-ne.com/committees/participants/wholesale-markets-state-public-policy-initiative
http://www.nei.org/CorporateSite/media/filefolder/Policy/Papers/Nuclear-Costs-in-Context.pdf?ext=.pdf
http://www.nerc.com/pa/RAPA/ra/Reliability Assessments DL/2015LTRA - Final Report.pdf
https://www.eia.gov/electricity/data/state/
http://www.bea.gov/national/Index.htm
http://www.brattle.com/system/publications/pdfs/000/005/012/original/Power_Market_Prices__Nuclear_Generation___Greenhouse_Gas_Policy.pdf
http://www.brattle.com/system/publications/pdfs/000/005/229/original/New_York's_Upstate_Nuclear_Power_Plants'_Contribution_to_the_State_Economy.pdf?1449526735


Confidential Draft

| brattle.com31

About Brattle

The Brattle Group provides consulting and expert testimony in 
economics, finance, and regulation to corporations, law firms, and 
governments around the world from nine offices. 

CAMBRIDGE NEW YORK SAN FRANCISCO

WASHINGTON, DC TORONTO LONDON

MADRID ROME SYDNEY
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