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A SERIES OF STUDIES WERE UNDERTAKEN
ON REPLACING FOSSIL FUELS WITH
NUCLEAR ENERGY

. Replacing the gas turbine using nuclear energy and
heat storage to provide variable electricity to the grid

2. Replacing natural gas with nuclear hydrogen
5. Replacing fossil liquid fuels with nuclear biofuels
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Advanced Nuclear Power Program

REPLACING THE GAS TURBINE:
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Electricity Markets are Changing

Electricity prices in fossil-fuel

SP15 Day-Ahead Prices

systems are relatively constant: —

most of the production cost is S _
fuel (Red; California 2012). S [w] o
Large-scale wind or solar 2 | i
creates volatile electricity prices g || a
—including zero prices (Blue: 0 V
California 2017). 2 e o T A
Maximize revenue if sell when rime: Houri Day

electricity prices are high. Wholesale California electricity
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Requires Rethinking Nuclear Power with Heat Storage
For Baseload Reactors with Variable Electricity to Grid

Power Block
2-4 X MWe
boilers and

turbines

Low-Price
Electricity-to-Heat;
Auxiliary Fuel
(H,, Biofuels)

< Energy Source Energy User >

Aoplied Eneray Symnosium  OtOrage Separates Reactor from Power Block
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Similar to Heat Storage at Concentrated Solar Power Plants
Oil to 400°C; Nitrate Salt to 600°C

Molten salt
thermal
energy
storage

Crescent Dunes solar power station, Nevada

Solar System Heats Cold Nitrate Salt and Puts in Hot Storage Tank
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Nuclear Energy With Large-Scale Heat Storage Is
Competitive in a Low-Carbon Electricity Grid

- Base-load reactor operations minimize cost of heat
production

Heat storage enables variable electricity to maximize
revenue and replace gas turbines. It is much less
expensive than storing electricity

- Capital Cost Heat Storage: $70/kWh(e)

- Advanced heat-storage systems: <$10/KWh(e)

- Battery capital cost >$200/kWh(e))
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Advanced Reactors Including Heat Storage
(GE/TerraPower, Moltex, Kairos Power)
Nitrate Salt Intermediate Loop and Storage Media

Non-nuclear power block
with peak power several
times base-load output

Non-nuclear nitrate-salt
heat storage

Base-load nuclear reactor

GE / TerraPower Natrium Reactor
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REPLACING NATURAL GAS
WITH NUCLEAR HYDROGEN
(Gas Transition #2)

Town gas (CO + H2)
- 1800s to 1950s

I\Clllissing Link to a Livable
imate
N atU ral g aS (C H 4) How Hydrogen-Enabled
Synthetic Fuels Can Help
- 1 95OS to ’7 Deliver the Paris Goals
H yd rogen ( H?2 ) LUCID TERRA
CATALYST PRAXIS
- 2030 forward?
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HYDROGEN CAN REPLACE NATURAL GAS

- U.S. Consumes 10 million tons per year (fertilize, chemical
industry and oil refining)

lydrogen shipped by pipeline and stored in underground
facilities like natural gas

- Can ship massive quantities of H2 by a single pipeline
- Electric line capacity: 1-2 gigawatts
- Large pipeline capacity is measured in 10s of gigawatts
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ABILITY TO TRANSPORT 10s OF GIGAWATTS OF H2
FROM A SITE ENABLES NUCLEAR GIGAFACTORIES

Factory fabrication of
modular nuclear reactors

Reactors deployed next
to the factory

Hydrogen plant next to
reactors

Economic hydrogen - ' -
enabled by pipelines Different Building Model to Enable
Very-Low-Cost Nuclear Hydrogen
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HYDROGEN ELECTROLYSIS PLANTS HAVE HIGH CAPITAL COST
THAT FAVORS NUCLEAR HYDROGEN PRODUCTION

- Need high-capacity factor

heat and electricity inputs for X
affordable hydrogen f .
- Capacity factor of energy § e
source drives H2 costs e
- Nuclear: 90% D
- Wind: 40% -; ¢ O O
- Solar: 25% (Expensive) L
Applied Energy Symposium Capacity Factor H2 Plant
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REPLACING LIQUID
FOSSIL FUELS WITH
NUCLEAR BIOFUELS

Gasoline
Diesel

Jet Fuel
Chemical Feedstocks

CxH(2X+2))
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Replacing liquid fossil fuels and hydrocarbon chemical feedstocks with
liquid biofuels from large-scale nuclear biorefineries

C.W. Forsherg“", B.E. Dale”, D.S. Jones®, T. Hossain

s fnstine of Technolgy, Crombrides, MA, 02139, Thited States
e Unversity. East Lansing, M, United Stctes
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MIGILIGITS

o Biomass is o lowsgrecnhonsegas Tel and carbon sourcc

» Adding external heat and hydrogen duting conversion of biomass to hydrocarbon fuels doubles liguid fuel per ton of biomass.

o Lurgomscale hin-refineries wilh mielear heat and hyfrogen enalile economice biofucls

= Local depotes are required to densify biomass for transport to biorefinery.

o Resonree: base: with cxternal hoat and hydrogen for bio-refinery is sulfiient o replace liquid fosil oo

Huelcar energy
Depots

Tenewable nsturs| gas

Liquid fossil fusls (1) enable transportation and (2) provide energy for mobile work platforms and (3) supply
dispatehabile energy fo highly varlable demand (seasanal heating and peak elatrely). We dserile: o system 1o
replace: liquid fossil fuels with drop-in biofuels ineluding gasoli d jet fuel. Becanse: grawing biomass
removes carbon dioxide from the aie, there is no net addition of carbon diexide to the atmosphere from buming
biofncls. In addition, with proper management, biofuel systems can sequestor large quantities of carbon as soil
organic: maiter, improving soil ferfility and providing of her cnvironmental serviees. T the United States liquid
biofuels can potentially replace all liquid fossil fuels, The required systent has two key features. Titst, the heat
and hydrogen for conversion of biomass into high-quality liquid fuels is provided by external love-carbon energy
somrees nuelear cnergy or fossil facls with carlon eaptee and sequestration. Using external energy inpats can
alingst dauble: the energy content of the liquid fuel per unit of biomass fesdstock by fully converting the carbon in
biomass into a hydrocarbon fuel. Second, competing effectively with fossil fuels tequites very large bio
refineries  the equivalent of 4 250,000 barrel per day oil refinery. requines commereializing methods for
canverting local biomass into high-density storable feedslonks thal ean be ecoomamieally shipped 1o largesealo

biorefineries.

1. Introduction

About 37% of the total net energy used by the United States is for
rransportation [1], predominantly in the form of liquid fossil fuels such
as gasoline, diesel and jet fuel [2]. Ninety four percent of Lansportation
energy comes from fossil fuels whereas less than 1% is currently

* Corgesponding author
F el addresses: cforsheriimil cdu (W, Forsberg), bl
morais@ku.cdu (AR.C. Morais), Ly wendi@

Inttps: /4ot g/ 101

6-26149/ 2021 Pnblished by Elsevier Lid

provided by electric power [1]. Liquid fossil fuels are also central to
meeting ofher variable energy demands such as seasonal heating and
peal electricity production. Last, fossi] fuels are the primary feadstock
for the chemical industry. Trillions of dollars of infrastructure have been
created over many decades to produce, distribute, store and use liguid
fossil foels. For example, global investments in oil and gas supply alone
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The Existing Fossil Fuel System to Produce
Liquid Hydrocarbon Fuels and Feedstocks

Crude Oil

Carbon: 83-87%
Hydrogen: 10-14%

Nitrogen: 0.1-2% —+
Oxygen: 0.05-1.5%
Sulfur: 0.05 to 6%

https://www.thoughtco.com/chemical-
composition-of-petroleum-607575
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Switching Feedstocks From Crude Oil to Biomass
Carbon Eliminates Adding CO2 te the Atmosphere

' Iquid
: Fuels
Biomass (CH1.4400.66) 2 ‘
|
H 3, and Planes
Hy 1
/ \ % Optional Low-Cost
| . o Carbon Sequestration
Applied Enerey Biorefinery
MIT A :nergy Drop-In Replaceme .. Fuels - Charles Forsberg
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High-Level Biomass Processing Choices

Biomass Oxygen Hydrocarbons = Carbon Dioxide
CH1 .4400.66' 02 (QHZ)XFIIZ' CcO2

- Carbon used to make hydrocarbon fuels (gasoline, diesel and jet fuel)
- Carbon oxidation (1) removes oxygen and (2) provides energy for the process

Biomass _ Hydrogen NuclearH Hydrocarbons ;, Water
CH1 .44OO.d('>l H2+ Hea (CH2)xH

1 1IN/

- External H2 and heat doubles energy of hydrocarbon fuel per unit
feedstock

- Enables use of low-energy-value high-carbon-content biomass feedstocks
coord¥@t Using carbon asan-energy:seurce ok torFemeve OXYGe: Fu - crares Forsberg
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Nuclear Biofuels can Replace Oil
Without Major Impacts on Food and Fiber Prices

Most biomass studies view biomass as an energy source;
that is, bioenergy

Nuclear biofuels views biomass as a carbon source,
including low-energy biomass (kelp, double crops,
sewage sludge, garbage, etc.)

External heat and H2 inputs multiply the energy value
of hydrocarbon fuel per ton of biomass input
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Economics Requires Massive Biorefineries

Example: Fischer Tropsch

- Converts natural gas (Shell, right)
and coal (Sasol) into synthetic
crude oil

crude oil (pilot plants _' et ~_----
(pilot plants) -y ﬂrmr“... #‘
Couples to an oll refinery

All options require massive

scale: 250,000 barrels / day Shell Natural Gas-to-Liquids
Fischer-Tropsch Plant, Qatar:

260,000 Barrels/day
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Implications of Large Biorefineries

Require gigawatt heat sources that can only be provided by
nuclear or fossil fuels with carbon capture and sequestration

Require massive amounts of biomass feedstocks
- ~60,000 tons per day per biorefinery (250,000 barrel/day)

- Low-density biomass can be economically shipped 30 to 50
miles. Insufficient biomass to support a nuclear biorefinery

- Require depots to consolidate biomass near the farm or
forest into economically-shippable biomass products
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Nuclear Biofuels System: Biomass, Depot and Refinery

Biomass Truck Depot Unit-Rail Biorefinery Products
Biomass Depot: Pelletize Gasoline
to Dense Storable Biorefinery
| Biomass Bim'nass 1:0r (250,000 Bal:rel Jei Euel
Unit-train per Day Qil
Equivalent) ,
Depot: Anaerobic Diesel
Biomass Digestion to
CH,/CO, Pipeline Chemical
i Feedstocks
BRI Depot: Pyrolysis
Qil To Pipeline or Co-located
Biomass Uit T ;uzfja: Sequestered
Plants C?rbf)n
Dioxide

Soil and Biochar Carbon Sequestration
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Conclusions: We are Developing a et
Low-Carbon Nuclear Energy Strategy
Electricity: Fotimated U.S. Eneray Consumplon in 2013: 1002 Quade | Natowt Labortory
Nuclear with
Heat Storage

Natural Gas:
Replace with
Nuclear
Hydrogen

Oil: Replace with
Nuclear Biofuels
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Questions

Estimated U.S. Enarav Consumption in 2019: 100.2 Quads B Lawrence Livermore
) National Laboratory
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This work was supported by the Shanghai Institute of Applied Physics (SINAP) of
the Chinese Academy of Sciences and the INL National Universities Consortium
(NUC) Program under DOE Idaho Operations Office Contract DE-ACO7-
05ID14517. Professor Dale gratefully acknowledges support from Michigan State

University AgBioResearch and the National Institute for Food and Agriculture of
the US Department of Agriculture.

August 11-13, 2021 « MIT, Cambridge, USA
www.applied—energy.org/mitab2021



Biography: Charles Forsberg Slide 24

Dr. Charles Forsberg is a principal research scientist at MIT. His research areas
include (1) Fluoride—salt—cooled High—-Temperature Reactors (FHRs), (2) utility—scale
heat storage including Firebrick Resistance—Heated Energy Storage (FIRES) and 100
GWh Crushed Rock Ultra—Large Stored Heat (CRUSH) systems and (3) nuclear hybrid
systems including nuclear biofuels. He teaches the fuel cycle and nuclear chemical
engineering classes. Before joining MIT, he was a Corporate Fellow at Oak Ridge
National Laboratory.

He is a Fellow of the American Nuclear Society (ANS), a Fellow of the American
Association for the Advancement of Science, and recipient of the 2005 Robert E.
Wilson Award from the American Institute of Chemical Engineers for outstanding
chemical engineering contributions to nuclear energy, including his work in waste
management, hydrogen production and nuclear—-renewable energy futures. He received
the American Nuclear Society special award for innovative nuclear reactor design and
is a Director of the ANS. Dr. Forsberg earned his bachelor's degree in chemical
engineering from the University of Minnesota and his doctorate in Nuclear Engineering
from MIT. He has been awarded 12 patents and published over 300 papers.

http://web.mit.edu/nse/people/research/forsberg.html
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