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Hybrid-Nuclear Energy

DISCLAIMER

Hybrid Power Technologies LLC makes no warranty, expressed or implied, or
assumes any legal liability or responsibility for the accuracy, completeness or
usefulness of any information, apparatus, product or process disclosed, or
represents that it’s use would not infringe privately owned rights. References
herein to any specific product, process, or service by tradename, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation or favoring by Hybrid Power Technologies LLC.

© 2019 by Hybrid Power Technologies LLC. No part of this document may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means electronic, mechanical, photocopying,
recording or otherwise, without the prior express written permission of Hybrid Power Technologies
LLC or Michael F. Keller, the author of this document.
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PREFACE Hybrid-Nuclear Energy

The objective of this text is to introduce a new approach to power generation.

The concept bases for this innovative technology are examined, including discussions of major
elements required for success in a competitive power industry.

This illustrated text is aimed at the general public, students, energy professionals, and
government regulators. Important considerations are simply introduced, evaluated, and
summary conclusions provided.

Comparisons are made with other forms of electrical generation. These contrasts are generally
on a relative basis, as opposed to absolute standards. The comparisons, while helpful, are not
intended for drawing universal conclusions for all situations.

In summary, the text provides insights into a unique hybrid-nuclear solution for sustainably
and affordably meeting the world’s energy needs using environmentally sound methods
involving the marriage of nuclear and fossil fuels.

Michael F. Keller

Professional Engineer (Kansas #14158)
President & CEO

Hybrid Power Technologies LLC
m.keller@hybridpwr.com

913 375 6983 (cell)
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TERMINOLOGY

Ag Silver

Ar Argon

CH2 Methylene

CH3 Methyl Group

CHg4 Methane

C2H2 Acetylene

C3H6 Cyclopropane

CO2 Carbon Dioxide

H2 Hydrogen

He Helium

Hg Mercury

NOx Nitrogen Oxides

N2 Nitrogen

Pu Plutonium

02 Oxygen

SiCl3 Methyltrichlorosilane

S0O2 Sulfur Dioxide

Th Thorium

U Uranium

UO2 Uranium Oxide

UF, Uranium Hexafluoride

U30; Triuranium Oxide
(yellow cake)

1 Efficiency
M micro

CONCEPT

AC Alternating Current

ASME American Society of Mechanical Engineers
CAES Compressed Air Energy Storage

CFR Code of Federal Regulations

CTLG Coal-to-Liquids or Gases

DC Direct Current

EPA Environmental Protection Agency

EPC Engineer, Procure Construct

EPRI Electric Power Research Institute

FPHE Formed Plate Heat Exchanger

GDC General Design Criteria

HTGR High-temperature Gas Reactor

IGCC Integrated Gasification Combined-cycle
IPP Independent Power Producer

ISCC Integrated Solar Combined-cycle

ISO International Organization for Standardization
NGCC Natural Gas Combined-cycle

NRC Nuclear Regulatory Commission

REM Roentgen Equivalent Man

SCR Selective Catalytic Reduction

SMR Small Modular Reactor
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BTU British Thermal Unit
cm centimeter
Ft foot, in inch
g gram
HHV Higher Heating Value
KV Kilovolt (1000 Volts)
KW Kilowatt (1000 Watts)
L Diffusion Length
Ibm pound
LHV Lower Heating Value
m meter
MGD million gallons/day
mm millimeter
MMBTU million BTU's
MW megawatt

MW(e) electric

MW(t) thermal

MWh hour
ppm part per million
Pressure

BAR 14.7 psig

HP High

IP Intermediate

LP Low

psig Ibm perinch? gage
Temperature

OC Celsius

OF Fahrenheit



INTRODUCTION: Energy Hybrid-Nuclear Energy

»CRITICAL NEED

v Affordable
v Plentiful
v Clean

SOLVED
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INTRODUCTION: Energy Hybrid-Nuclear Energy

/215t Century Solution

Balanced

Use of All
Resources HYBRID-

Nuclear, Fossil & Renewables
Safely Working Together

NUCLEAR

Reshapes and
Mends Nuclear &
Coal Industries

Profitable
Reasonably Priced
Environmentally Friendly
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OVERVIEW Hybrid-Nuclear Energy

Historical Perspective
The development of technology generally occurs as the result of
incremental evolutionary steps that collectively produce more cost

effective products. However, occasionally innovations arise that are
both unexpected and transformational.
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OVERVIEW: Competition Hybrid-Nuclear Energy

NEW

TECHNOLOGIES

»MUST BE - 10 Miles
BETTER than

EXISTING PRODUCTS
To WIN in MARETPLACE

‘ \

-
L

« 1
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OVERVIEW: Hybrid Vision Hybrid-Nuclear Energy

%+ CLEANLY, AFFORDABLY & SAFELY
HELP FUTURE GENERATIONS
USING ALL ENERGY RESOURCES

(natural gas, nuclear, coal, renewable)

No OtherTechnology
Can Match

Hybrid

-
£

(B
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OVERVIEW: Hybrid Mission Hybrid-Nuclear Energy

% SIGNIFICANTLY IMPROVE

GAS TURBINE USING 0
MORE PRACTICAL, —
SAFER ). HYBRID

]

Machines

L]
s
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OVERVIEW: Hybrid Key Features Hybrid-Nuclear Energy

»NEW & UNIQUE ... but
Adapts Current Technologies ... Practical

»COMPETITIVE
US Owned ... Numerous Applications

»ENVIRONMENTALLY FRIENDLY
Massive Waste Reductions ... Low Impacts

»SMALL REACTOR
Fail-safe ... Readily Licensed.

]
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© 2019 Hybrid Power Technologies LLC Rev. A



BACKGROUND

CONCEPT

Hybrid-Nuclear Energy

Historical Perspective

Power production using heat has been an engineering challenge since the 19t
century. Coal fired boilers, designed to generate steam subsequently used to rotate a
turbine/generator, have been a mainstay for well over a hundred years. Through the
years, modest efficiency improvements to reduce production costs have been made by
increasing steam pressures and temperatures.

With the advent of the gas turbine in the late 1930’3, the electrical production
potential of these machines was quickly recognized. However, the early machines
were very inefficient and improvement efforts involved both “open” systems
(atmospheric air pressurized, heated, routed through turbine, and discharged back to
the environment) as well as "“closed” systems (air internally recirculated and
externally heated) — Ref. 22. Ultimately, the “open” system seen in today’s gas
turbines won out. Significant efficiency improvements (associated with higher firing
temperatures and pressures) have steadily occurred.

The power production capability of nuclear energy was also quickly recognized with
electricity first generated in the early 1950’s — Ref. 24. Several reactor types emerged
from the development process. Ultimately the water cooled reactor used to produce
steam emerged as today’s dominate power production facility. Efficiency
improvements have been largely stagnant owing to limitations associated with using
water in a reactor - the fuel can overheat and melt. Gas reactors have efficiency
advantages because the machines run hotter than water reactors and the fuel is not
prone to melting. However, such facilities are uncommon.

© 2019 Hybrid Power Technologies LLC Rev. A
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BACKGROUND: Conventional Hybrid-Nuclear Energy
/Coal Plant

»PULVERIZED COAL*
* Crushed Coal & Air Ignited in Boiler
* Hot Gas Boils Water
» Steam Rotates Turbine/Generator
* Massive Structure — Boiler
& Pollution Control Equipment About 646,000 homes,
~895 Megawaftts

Stack Boiler Sioam
Igni ﬂg

Steam

Pollution i Hot ‘J Turbine

Control | gas \%ﬁ
Air e
Water C d vvate
f} Poor Energy Utilization Firap ondenser  Pump
~36% E/ﬁé‘/gnt Worlds 1st
Commercial Coal Power Station
1882 USA

Note: (2) Supercritical Pulverized Coal (SCPC). Steam at high pressures & temperatures, typically +2500 psig/
170 BAR & +1000°F/535°C.
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BACKGROUND: Conventional Hybrid-Nuclear Energy

/Nuclear Plant - Gas

»GRAPHITE REACTOR* Gas Reactor

* CO2 or Helium Cooled
* Graphite Moderated (Neutrons slowed down)
- Hot Gas Boils Water & Steam Rotates Turbine/Generator

* Large Concrete & Steel Structures

About 177,000 homes
(~245 Megawatts)

Confinement Building

(Controlled Leakage)
Hot
Air |
*Emergency 1 Generator
cooling, . | B Air
ambient air.
Gioot Waier Pump Mechanical
Cool 4 Pump Drafrtoitl);hng
Air — Fan *Emergency operations
Reactor ;
require power & water. Worlds 15t
5% Comwmercial Nuclear Power Station
More Efficient than Water Reactors Gas Reattor
~40% versus ~34% 1956 Great Britain

Note: (1) A number of gas reactors have been deployed, but all have employed steam generators for power
production owing to the technical immaturity of directly using a gas turbine - see Technical Chapter, End-note G.

(2) Advanced Gas Reactor (Great Britain) CO2 pressure & temperature: +1665 psig/40 BAR & +1190°F/645°C. Steam
pressure & temperature +2400 psig/165 BAR & +1000°F/540°C. Output ~660 MW(e), Reactor ~1500 MW(t) Ref. 38.
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BACKGROUND: Conventional Hybrid-Nuclear Energy
/Nuclear Plant — Water

»METALTUBE REACTOR

» Water Cooled & Moderated (Neutrons slowed-down)
* Core Heats Water to Create Steam

» Steam Rotates Turbine/Generator*

* Large Concrete & Steel Structures

Nuclear
Neutron « Neutrons
Absorbes by Elected About 720,000 homes
Atom ,’ Containment Building ~1000 Megawatts
ip“ts / Uranium or (N Leakage) _ Electric
LA Hoat Plutonium Vessel Boiler
. Fission = Atom
ragments -
(atoms) A Water //

%

Generator

Cool
Water Air
Rencta® Famp Pump Cool Water
i ) Natural Draft
Emergency operations Cooling Tower

require power & water. Pump

f} Poor Energy Utilization Worlds 1st

~34% Efficrent Commercial Pressurized Water Reactor
Nuclear Power Station
1957 USA

G Note: (1) Typical steam pressure & temperature +1000 psig/65 Bar & +570°F/300°C.

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A



BACKGROUND: Conventional Hybrid-Nuclear Energy
/Nuclear Plant - Boiling Water

»METALTUBE REACTOR

* Water Cooled & Moderated (Neutrons slowed-down)
* Core Boils Water

* Steam Rotates Turbine/Generator*

* Large Concrete & Steel Structures

Nuclear
°N
égé'fe@s About 720,000 homes
Uran/um o-§ Containment Building ~1000 Megawatts
Plutonium (No Leakage) Electric
¢V, Heat Atom
. Fission s Tl

ragments
(atoms) Turb |’n o N

Condenser,

[~ Air

an
Generator \{: %@
_,-A//ﬂ\\\

Cool Water

Mechanical Draft

Reactor* Pump Cooling Tower
*Emergency operations
require power & water.
APoor Energy Utilization Worlds 1st
~34% Efficrent Commercial Boiling Water Reactor
Nuclear Power Station
1959 USA

Note: (1) Typical steam pressure & temperature +1000 psig/65 Bar & +570°F/300°C.
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BACKGROUND: Conventional Hybrid-Nuclear Energy
/Natural Gas Plant

» COMBINED-CYCLE*
* Air Pressurized, Mixed with Gas Fuel & Ignited
* Very Hot Gas Rotates Turbine & Boils Water
» Steam & Gas Turbines Rotate Generator

® VEI'Y Compact Power Plant About 368,000 homes,

~510 Megawatts
Electric

Stack

Steam

Air
f Generato%v

Fuel
Gas

Boiler

Fxhaupst r
g Hot
J gas

Ignited

vaies Mechanical Draft
Significantly More Efficient than Coal Worlds fst S0olng Tower
~557% versus ~36% Commercial Combined-Cycle

Power Station
1961 Austria

Notes: (1) Advanced Gas Turbine, Ref. 6, Higher Heating Value of natural gas. Typical gas firing
temperatures +2600°F/1425°C & pressure +325 psig/22 BAR. Typical steam temperature & pressure +1000

G OF/540°C & +1800 psig/120 BAR. (2) Steam turbine typically 50% of gas turbine’s electrical output.
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BACKGROUND: Conventional Hybrid-Nuclear Energy
/Coal-Gas Plant

»INTEGRATED
COAL GASIFICATION

* Coal Converted into Gas
- Used with Combined-cycle Coal-Gas

* Gasifier EQuipment -
Large Vessels & Structures Gasifier

About 295,000 homes,
~410 Megawatts

= 1
Stack - Electric

Boiler

Exhaust I——l
: Hot
—I lfvs Turbine

Compressor

Air
Generator

—1

[ Air

Condenser
i Pump Mechanical
Movre Efficient than Coal Draft Cooling
~45% versus ~36%* Worlds 1st Tower

Commercial Integrated Gasification
Combined-Cycle Power Station
1994 Belgium

Notes: (1) See Ref. 18. (2) Steam turbine typically ~80% of gas turbine’s output. Gas turbine and steam
turbine pressures & temperatures similar to those of combined-cycle.

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A
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BACKGROUND: Grid Characteristics Hybrid-Nuclear Energy

Transmission Lines' A K e
GOKV 410KV 230KV 345KV 500 KV 745KV

New ~$280,000 ~$500,000 ~%$1,000,000 ~$1,3000.000 ~$1,900,000 ~$2,800,000
/mile /mile /mile /mile
>POWER | (T Vs
SOURCES s ft
SHOULD BE 200 ft. Wide
, 150 ft. High
NEAR LOADS 35 Mite S i
- ; 2%, ~500 Mile Span
v’ Minimizes Costs |, 175 ft. Wide Capacity
; 135 ft. High ~2200 MW
Major Problem 4% . Losses
~150 Mile Span
for Renewables? . ~110 MW(e).
59 Capacity
O ,  ~1250 MW
Tvoical U; S Losses
ypica ystems ~28 MW(e).
: 8% 3 (e)
~ 10% Power EEEESY Loss per 100 Miles'

Note: (1) Approximate installation values based on industry data. Typical upper limits on transmission line
distance and capacity - rough costs per Ref. 27, single circuit line, relatively flat terrain. (2) In addition to higher
line-loss costs caused by the renewables being well way from load centers, the intermittent nature of
renewables causes inefficient use of transmission line capacity which causes higher prices due to debt and profit
costs being distributed over reduced transmission line use as more reliable electrical generation is excluded.

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A
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HYBRID

CONCEPT

Hybrid-Nuclear Energy

Historical Perspective

During the early days of nuclear energy, numerous reactor types were investigated
and built in the quest to develop economically viable power plants using the
essentially unlimited energy available from splitting the atom. Reactor types
included: water cooled, gas cooled, liquid metal cooled, fluid-fueled — Ref. 24,

Today, major efforts are underway to resurrect various reactor concepts initially
developed in the 1940’s and 1950’s but discarded for various reasons - generally
financial. However, the ultimate success of today’s advanced reactor “reboot”
remains in doubt due to fundamental competiveness issues.

Today’s gas turbines are approaching the upper limits of development
as the ability of materials to tolerate very high temperatures is being heavily
challenged - Ref. 25 .

Conventional wisdom suggests that the technology of traditional electrical energy
production has reached the point of diminishing returns typically associated with
mature technologies. However, such an assessment is not accurate.

© 2019 Hybrid Power Technologies LLC Rev. A
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HYBRID: Conventional Hybrid-Nuclear Energy

About 290,000 homes
~400 Megawatts

»REACTOR: Nuclear Hybrid Flectrie
+ COMBINED-CYCLE |
* Reactor Pre-heats

2 (2135, A—

Gas Turbine’s Air TR
E Pressurized Air

Heat
1] S Exchanger
2 Air i
Boiler
Generator
e
Hot ui
gas
Cooling
Water
il e . Condenser o S S
Enough to Dislodge
Today’s Gas Turbines? Hot Pressurized Air Reactqr

Somewhat more Efficient than Combined-cycle
~60% fossil fuel use versus ~55%

X Note: (1) Reactor typically gas, liquid salt or liquid nuclear fuel with output of a few hundred megawatts
% (thermal). (2) See chapter End-notes, item A for discussion of shortfalls.
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The HYBRID Hybrid-Nuclear Energy

Eureka'!

« About Half of Gas Turbine’s Power
Used to Compress Arr

» Roughly 15% of Arr

Used to Cool Machine

% THE BIZNNEEK

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A



The HYBRID Hybrid-Nuclear Energy

»REACTOR DRIVES GAS TURBINE’S —_X
AIR COMPRESSOR* i B s

o or Coal Gas '

Passive

Emergency
Cooling
(air)

Sntainment
Vessel

00
=i

Helidm

|

Heat,

Exchange
|

QO

\}
¢

ey
et

About 687,000 homes

~950 Megawatts K
Electric

\/

\ X

T\

Natural Gas

Pressurized Air
L\ stea

Ignited

‘ Air Ll B

Hot Gas ,,naenera,tor;
CECI Turbine, I ’

Cooler  Cooling Air ® Cooling

Boiler e Eed g Compressor
2 ma ance ot HP |
@ TRAILBLAZING .EQ_WQ.LBJQ.QK Gas Reactor Helium || P/Clee?/su%e
v'Safe Very Large ~630 MW Thermal
Advanced Combined-Cycle

VClean ~60% Fossil % Nuclear
v'Affordable
v'Readily Licensed ~ ~Doubles Electrical Output® o o3 8537961
v'"Numerous Uses +80% Fossil Fuel Efficiency New innovative

- PrOﬁtable Peakmg output ~1020 approach to

&

CONCEPT

nG .
= Multi $Billion Markets Megawatt electric energy production

Notes: (1) Process description, Chapter End-notes, item B. (2) Advantages summary, chapter End-notes, item C
(3) Exergy - See Chapter End-notes, item D. (4) Steam turbine ~1/4th gas turbine output. (5) Uses 1 gas turbine to
achieve output of 2 gas turbine plant.(6) Gas burners duct firing in boiler increase steam production for peaking.

© 2019 Hybrid Power Technologies LLC Rev. A
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The HYBRID: Contrast Hybrid-Nuclear Energy

STUNNING
ADVANCEMENT?*

v'"More Competitive
v'"More Powerful
v'Cleaner

v'Safer

CONVENTIONAL

Note: (1). Today, two gas turbines (in combined-cycle configuration) can produce nearly 1000 MW(e), a feat that
just ten years ago would have required three (or more) machines. Economics is the driver behind this continuing
X quest for ever more powerful machines. The Hybrid remains on this evolutionary path but is a major quantum
(@ leap because a single gas turbine can now provide the target 1000 MW(e) output.

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A

25



The HYBRID: Contrast Hybrid-Nuclear Energy

20t Century

s T Sy \ >
o ¢ oy

~ "y

»215 CENTURY
ENERGY SOLUTION

v'Practical New Direction
= Power Generation
* Nuclear Energy

v'Genuine Hybrid*
* Not Self-styled

Nuclear-.. ..

—— e e

* Hybrid = two or more energy sources

jointly providing useful work.

CONCEPT © 2019 Hybrid Power Technologies LLC Rev. A 586



The HYBRID: End-notes Hybrid-Nuclear Energy

A. Nuclear Hybrid. From a gas turbine’s viewpoint, nuclear pre-heating of combustion air is not necessarily that useful. Air
discharged from the compressor is already hot (typically +800°F/427°C). Practical considerations (e.g. metallurgy, thermal
expansion effects, etc.) limit the use of nuclear heat to modest temperatures (~1400°F/760°C). Further, the plant’s output is
reduced covering reactor electrical loads. Even with very high firing temperatures (+2900°F/1600°C), the incremental gain is
not sufficient enough to overcome high capitals cost of the reactor and complications of moving very hot reactor fluids.
B. Hybrid Process Overview. Nuclear reactor heats pressurized helium sent to turbine that rotates helium compressor and
air compressor. Pressurized air mixed with fuel & ignited to spin gas turbine that rotates electrical generator. Turbine’s hot
exhaust boils water to rotate steam turbine also attached to generator.
C. Hybrid Advantages. The hybrid is a quantum leap improvement in combined-cycle power plant technology. A number
advancements and innovations result, as outlined below:
* Environmental. Dramatic reductions in environmental impacts as a result of joint use of fossil and nuclear energy.
* Financial. Significant benefits to both consumers and investors due to the hybrid’s impressive economies-of
scale (large output, high-efficiency, low build cost) and marriage of the best features of nuclear and fossil technologies.
* Applications. Many uses are possible because the hybrid is a more multi-purpose variation on the already versatile
combined-cycle power plant.
* Technical. Numerous simplifications and improvements occur because the hybrid’s new thermodynamic cycle allows
the practical coupling of proven technology approaches.
* Safety. Dramatic leap in public protection occur because the hybrid’s fully passively fail-safe reactor. The hybrid
is significantly safer than conventional reactors.
* Regulatory. More rapid and cost effective licensing due to the hybrid’ simplicity and exceptional level of safety.

D. Gas Turbine Exergy. The useful energy (exergy) available to gas turbines is heavily impacted by the power required to
compress the working fluid (typically air). This energy loss is roughly 1/2 that produced by the turbine. The Hybrid relies on an
efficient gas reactor for air compression and efficient turbine cooling which leads to stunning advancements.

The chapters that follow provide more in-depth discussions of the hybrid technology.

%
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USES

CONCEPT

Hybrid-Nuclear Energy

Historical Perspective

Both fossil and nuclear fuels are used by modern civilizations. However, fossil
fuels (including coal) have significantly more diverse applications owing to their
abundance, ease of fuel transport, relatively straightforward nature of the
machines, and practical ability to produce readily usable co-products.

Nuclear power’s applications are primarily limited to electrical generation as a
result of limitations associated with the relatively low operating temperatures
coupled with the presence of highly radioactive materials. Such complexities
stymie expanding the commercial uses of the energy resource. However, that is no
longer the case.

© 2019 Hybrid Power Technologies LLC Rev. A
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USES: Summary Hybrid-Nuclear Energy

»EXCEPTIONALLY i
VERSATILE Nuclear

‘4 “A c’ ““ '
“\ Conventional -

3 | —— _| Hybrid-Nuctear
= Nuclear Equi
quivalents

»INNOVATIVE

= Gas

o

»>ENERGY \
FREEDOM Tmports
»>US PREMIER SUPPLIER ENERGY

- @ Free world no longer intimidated by hostile energy suppliers

a
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USES: Overview Hybrid-Nuclear Energy
/Multipurpose

~15mW (e) to

Large & Small | + 1050 mW (e)

V' Power & Hybrid Energy Plants £\

Co-Generation?

v'Fuels & “ :f“,:"m T iﬁ
Chemicals h i m

Hybrid-Nuclear

/Coal Gasification

* Reactor supplies
compressed air
to manufacture

synthetic
compounds
v i
Stop.s _ ‘ | ) (TooHardto 4 Plytonium Phase-out
Proliferation ‘) Reprocess Fuel) Thorium Fuel Cycle
Peaking
Energy Hybrids Highl
lybrids Highly
v Grid SUPPOrt IiWiil Storage : Maneuverable
Baseload Renewables
v Medical -
|SOtOpeS (¥4 sBillion/year Tr ’3“’" Dep artment
e Y industry) of Defense
B'l Notes: (1) Process steam, compressed air, chilled water, desalination, etc.
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USES: Product Lines Hybrid-Nuclear Energy
| 215t Century Hybrids

OUTPUT Megawatt (electric)

Micro- Small- 3 : Advanced
All-Nuclear All-Nuclear & Coal-Gas
5
15
25
Remote it .
Locations No Fossil
170 Fuels
Large Grids,
320 Chemical
+950 Production
+1070
&M@
2] .
- Note (1) See APPENDIX F for HYBRID/All-nuclear overview.
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USES: Power Hybrid-Nuclear Energy
/Natural Gas

~950 MW Electric,
HYBRI DI 1 Glgnv:r:tor,
»REPLACES COMBINED-CYCLE Gas 1 Gas Turbine,
v’ More Efficient R
v'More Powerful Ce [T e
Air— Power Block
—Steam

Reactor \VarTyss Pressurized Air Fuei/ i ,
Block Turbine Generator_l Gas is1#£1%§ﬂ£mr ~Kkhausf

(3 Gas
o B | " £ Stack
v G B
Cleaner Tu rg isn e ‘_
Stleiam Pump,
’ Water
» CORNERSTONE of PUMP 1 brid-nuclears
Natural Gas Combined-cycle
HYBRID-NUCLEAR FAMILY e
B

B
0
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USES: Power

Hybrid-Nuclear Energy

/Gasified Coal .
Gasificati Blocl
e
: : ; Air
»REPLACES COAL PLANTS HYBRID/ Mercury L o Separattlon
) L ‘ ni
v’ Wisely Uses Coal-Gas | Removal Giaslfl ]
Low-cost, Plentiful Fossil Fuel Sulfur —«Oxyge
Removal et Moto
A i ol 'ﬁt T Steam Compressog
i 1 Power Block
Coal Gas—— ¥
Steam- Air
] Pressurized Air
Ethabst nldpat Reco Steam
G:és Steam G‘Fﬂﬁr Generator Turbine
o
Stack| U| L G £ —e=]
j—_—*ﬂr Gas i
_’ Pum Turbine =000 MW(e)
P Steam c 1 Generator, 1 Boiler,
. | I ondenser 1 Gas Turbine
v’ Cleaner, More Economic I { &
. : Wate 1 Steam Turbine,
Coal Gasification ' Gasifier
v Half the Size, Hybrid-nuclear/ PIEp (~ 80% efficient
Todes Ehe Dutout Integrated Gasification Combined-cycle coal energy use)
wice the Uutpu {Hybrid/IGCC}
o 0 m Note: (1) Gasification equipment about ¥4 the size of a conventional coal-gas plant with similar power output.
= B Emissions are significantly reduced relative to conventional IGCC plants.
a'n
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USES: Process Industry Hybrid-Nuclear Energy

E . ﬁ | - BI I T Hydrogen Hydrogen Fuel—»
' g Fischer | Diesel, Jet Fuel,
. "
Sepa:;?ttlon ar l i _ Chemicals, Steam Block
Mercury —or—»| Methanation | Synthetic Electrolysis
LOxyge Removal | |, Natural Gas %
——
Steam—-@—> l Superheated
Pressurized = RSurfur : —or—> Methanol | Gasoline Stelam
Air =] emova .
H RID/ Steam Synthetics Process Steam—> +
Y8 v @*:g - |
Chemicals ®-Nitroge = = 1B
Steam s _l
Turbine ﬁ;&% .

e s

»KEY PRODUCTS CEm
v'Synthetic Fuels )
. r—Water———’
v Industrial C ompounds Pump Hybrid-nuclear/Integrated Gasification
Combined-cycle/Coal-to-Liquids & Gases?
{Hybrid/IGCC/CTLG}

Note: (1) Gasification equipment about ¥ the size of a conventional coal-gas plant with similar power output.
(2) Coal gasification plants are routinely used throughout the world to produce a wide variety of synthetic
fuels, chemicals, fertilizers, liquefied gases, etc. The processes, however, produce noteworthy air pollution as
2] well as greenhouse gases. The Hybrid/Chemicals plants significantly reduces these emissions.
(«]
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USES: High Availability Hybrid-Nuclear Energy
/Option - All Configurations

HYBRID/ A
E - 1
High-Reliability = ) : i_aw
- Power Block o

Pressurized Air = i Heat ny __l
A Ateial'ﬂ mogll‘%ﬂﬂ :

Ni |

Generator g = O R L
>NORMAL Ar—Turbine " St'eam = ‘_
Condenser  gan '_ = | ump
v'Reactor & All
] Water———
Turbines/ Generators Pump
Runnmg Notes: (1) Bypass stack & separate steam turbine allow highly flexible
n " plant operation:
»REACTOR "Off * Boiler + Steam Turbine/Generator: ~ 200 MW(e).
4 Boiler, Fans & Steam * Reactor + Gas Turbine/Generator: ~ 750 MW(e),

bypass stack "on”, boiler “off”

* Reactor + Gas Turbine/Generator + Boiler + Steam Turbine/Generator:
~950 MW(e), plant. Plant readily swings between gas turbine “on” and
fan "on” with boiler “on”.

Turbine/Generator Running

8 This variation on a combined-cycle plant is in use today, typically at
refineries where reliable steam & power are critical needs.
a
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Hybrid-Nuclear Energy
USES: Solar Support

HYBRID/

GREEN ENERGY

v’ More Profitable*

v Peaking Power Power Block Fresnel lens Technology,

2 Compliments Areva
Guaranteed ~940 MW(e) Base Output
- ~1070 MW(e) Peaking gouct  rme |rfmme
Steam [Exhaust

————Pressurized Ai
Steam
Turbine

— _ e &
[
A\ Air Cooled team Pump
Condenser |
AY
f— . Pum
@-Stean Water p‘
Pump Hybrid-nuclear/
Integrated Solar Combined-cycle? {Hybrid/ISCC}

® Notes: (1) Number of ISCC plants are in use in Middle East, e.g. the Waad Al Shamal in Saudi Arabia. More
o cost effective than stand-alone solar power plant. (2) Duct burners cover intermittent loss of solar.
a
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USES: Special Situations
/No Fossil Fuels Available

Containment
Vessel

HYBRID/
All-Nuclear

»UNIQUE NEEDS
SOLUTIONS*

v’ Remote Locations
v’ Military Bases
v'Islands

==X
a
0

CONCEPT

!

© 2019 Hybrid Power Technol

Pressure |
Helium |

_;_Generato: g

Hybrid-Nuclear Energy

About 200,000 homes
(320 Megawatts Electric)

Large Reactor
630 MW(t)

He Turbine rotates
generator instead of
gas turbine air

compressor.

Micro & Small Reactors
~10 to ~355 MW(t)

~3,000 to 122,000 homes

(~5 to ~170 Megawatts Electric)

Note (1) See APPENDIX G for HYBRID/All-nuclear overview.

ogies LLC Rev. A
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USES: Grid Reliability* Hybrid-Nuclear Energy

HYBRID/
Grid-Support
»VERSATILE * Voltage & frequency

v'Readily control to maintain grid
Accommodates stability and efficiency in
Grid & Renewables response to load demand or
* Financially* generation supply changes.?
* Technologically? C — _

Note: (1) See FINANCIAL: Contrast/Energy Cost & Returns”. (2) See TECHNOLOGY: Control. (3) From an
electrical engineering standpoint, the unit Volt-Ampere Reactance (VAR) is a measure of the degree to which
volts and amps are out of phase in an alternating current circuit. While such imbalances create money wasting
inefficiencies, revenue opportunities are also created for technologies that can counteract the inefficiency.
Additional revenue opportunities are also created for technologies that can maintain the grid within required
frequency and voltage levels. Such levels are essential for the proper operation of modern electrical machinery

and electronics.

o
O
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USES: Energy Storage

Hybrid-Nuclear Energy

/"Green” Energy & Peaking Support

HYBRID/
Storage

»RENEWABLE
FULLY
PROFIT,

:
)
et Rocaons, J

s
Pump’—

ump U.S. Patents
7,961,835, 8,537,461
Energy Storage: (1) tunnel charged with low-pressure air from
Reactor Block primary air compressor, typically at night; (2)
pipeline segments sequentially charged with high-pressure air
using motor-driven air compressors - typical natural gas

pipeline pressurization approach.

Peaking: HP pipeline segments discharge into tunnel to
provide compressed air for roughly six hours of peaking
turbine operation.

Buried Pipeline

Hybrid-nuclear/
Compressed Air Energy Storage

H Energy {Hybrid/CAES}

Storage
Block
oBm Notes: (1) Surplus renewable electricity (which is otherwise sold at a loss) used to help power motor driven
o) air compressors.(2) Fossil fuel efficiency ++85% versus peaking gas turbine ~35%.
a
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USES: Radioactive Sources

HYBRI DI exploration, construction. World-
lSOtopes billion. Isotopes include:

e Californium-252
»PROFITABLE : Mobbdenum-s9-
e Actinium-225
SIDE-BAR e Uranium-232
e Gagolinium-153
BUSINESS e Promethium-147
‘/ e Copper-67
/, o Astatine-211
$1'OO. > Of e Tin-117m
millions e Zirconium-89

o8 m
a
u

CONCEPT

Important Isotopes are used for
medical research, clinical
nuclear medicine, science, oil

wide demand exceeds $9

e Americium-241

Tritium is an isotope
vital to national
defense and is
produced by lithium
absorbing a thermal
neutron.

*See Note 1

(Not To
Scale)

Hybrid-Nuclear Energy

Note: (1) One of the most important
medical isotopes is technetium-9gm
(TE-99m) which is used in more than
80% of medical procedures. Te-g9m
is produced from the fission product
molybdenum-99 (Mo-99) and is a
short-lived isotope that cannot be
stockpiled. In-reactor production
and subsequent processing is
required.

The envisioned process relies on the
use of high-assay, low-enrichment
(<20%) U-235 and General Atomics'
recently developed selective gaseous
extraction process.

On-line Sample
2 Processing

Auxiliary
Reactor Building

Sample In-core
Installation/Removal,
see Note 2

Cooling
w,,  Helium

Notes (2) The on-line process is based on the moveable in-core detector technology routinely used by conventional

nuclear power reactors

© 2019 Hybrid Power Technologies LLC Rev. A
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USES: Plutonium Phase-out Hybrid-Nuclear Energy

Conventional Reactors

> UNLIMITED FUEL Current {Uraniumz ~5% U-235 &
1 1 ~95% U-238 some of
SUPPLY? ES 95 3
which transforms to Pu.
v’ Massive Thorium HYBRID/ Spent \ Fuel
Reserves Thorium Plutonium \ Created in Core:
FUTURE ~60% Pu-239; \ ~30% Pu-240/242;
>»REDUCES ~10% Pu241. \ Pu can be
Pu STOCKPILES chemically \ reprocessed.
U
\/Hybrid Fuel Reprocessed G{oba{
Cannot Become Plutonium At Rick
Nuclear Weapon Pu-239 fissile =TS ONIOET

(~265 Tonnes,

increasing ~20
A tonne/year)
*Few kilograms to make bomb -Ref. 34.

Half-lives: Pu-239 =24,100 years; Pu-240=6,560
Entombment. years; Pu-241=14 years; Pu-242=376,000 years

to Reprocess

@D oeer

SAFE Underground

Note: (2) Hybrid’s graphite core well suited for this application and nearly impossible to remove Pu or Th from
Hybrid fuel. Thorium Cycle involves: (a) Pu-239 absorbing neutron to release energy; and (b) Th-232 absorbing
neutron, transmuting to U233 which absorbs neutron to release energy. Advantages: (a) Thorium is much more
abundant (factor of ~3) than Uranium and requires no enrichment ; (b) does not produce extremely long-lived
B toxic waste (e.g. Plutonium, Americium, Curivm ), like current Uranium fuel cycle. Thorium has been previously

used in gas reactors - Ref. 32.
8
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USES: Contrast Hybrid-Nuclear Energy

/Nuclear Fuel Cycle BEST FUTURE:
One-Way “Open” Cycle
HYBRID ~ @ SIMPLE &
v SAFE
ﬂ Enrichment uclear

MiininZQ ‘ ‘ Waste Current:
I - Fuel Conventional “Open” Cycle

i 1
Conversion Fabrication | \’feactor
I

P
»MOST ECONOMIC2 Py - ublic Uneasy
v'Significantly IEA—---\ Nuclear
Less Costly than T TN Waste
e Conventional |,' Fabrication ?
* Fast Reactors A Spent Fuel
v’ Most Sustainable "\, Processing
* Least Nuclear Fuel \\
* LeastWaste ~ _ | o g
Breeder Reactor? ‘ """" N ‘Closed” Cycle
Too Complex & Too Costly,
Unknown Level of Safety Favored by DOE.
Notes: (1 ) Assessment developed from Ref. 30 using simple overview of basic economics and engineering.
(2) Breeder reactors (create more fuel than they use) are expensive & difficult undertakings — Ref 24. The
B Hybrid’s one-way "open” cycle erases need for breeder reactors because the Hybrid’s highly efficient use of

nuclear, fossil fuels and renewables is sustainable.
a
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USES: Contrast Hybrid-Nuclear Energy
/Grid Support

- Wind &
Capability* HYBRID Gas’s Coals Nuclears Slo,;arz
Fuel Storage Average®  Average® Good’ Best? Poor
Dependability Good Good Good Good Poor
- - 0 oo 0, al 0,
»VERY Minimum Power, % (MW(e)) (3352;' (i 02:3 (;50 ;o) (~55 06:0) Erratic
GOOD
Maneuvering, ~10 % ~10 % ~2% ~1.5 % Erratic
% /minute (MW(e)/minute)* (~75) (~35) (~25) (~15)
Hot Start, minutes <30 <30 <190 <120 Erratic
Proximity to Load Center® Good Best Maybe*®  Doubtful** Poor*?
VAR Grid Support Good3 Good* Average* Limited* Poor

a
CONCEPT

Notes: (1) Typical, single unit plant. (2) Greater use of unreliable renewable requires other plants to more
rapidly respond, including providing reactance support to stabilize grid. (3) Very large VAR (reactance)
capability: generator turning as motor; steam turbine de-clutched (not spinning); gas turbine spinning but not
firing with secondary compressor cooling machine, and reactor plant shutdown. Gas plant would require
additional clutch to disengage gas turbine from generator (to avoid over heating), but very large clutches not
feasible. (4) Typically ~5 to 10% of generator output to avoid generator damage and lost revenue from non-
unity power factors - Ref.21. (5) Gas & coal plant minimum power generally constrained by emission
regulations - Ref. 9. (6) Requires availability of pipeline gas (although machines can run on diesel& jet
fuel).Hybrid/Coal-Gas "Good” fuel storage. (7) Limited by fuel supply at plant. (8) All fuel stored at plant site.
(9) Within ~20 miles. (10) Potential emissions problems, particularly NOx see Environment Chapter End-note,
item B. (11) See Safety chapter. (12) Large installations too land intensive and suitable renewable resources
rare. (13) See Chapter end-notes item A for general discussion on maneuvering capadbilities.
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USES: Rankings

/Nuclear Plants

»HYBRID
MOST
USEFUL-

Hybrid-Nuclear Energy
Gas Water
Category1 HYBRID Reactors | Reactors
Large Output

Chemicals & Fuels

Proliferation

Thorium Fuel Cycle

Industrial Support3

Energy Storage

Grid Support

Total Uses

v'Numerous Applications NET2

B

CONCEPT

Yo [ o [ [ &\

g e PG NESE

3¢ [ 9¢(3¢5¢(3¢3¢ (3¢ %¢ (-

{:(= Best, / =Average, x = Needs Work. See Appendix A for ranking method

© 2019 Hybrid Power Technologies LLC Rev. A

Notes: (1) Scoring relative to each other. (2) Average of categories. (3) Steam, compressed air,
chilled water, etc.



USES: Rankings Hybrid-Nuclear Energy
/Power Plants

C . | HYBRID | Gas Coal | Nuclear SOIC.U t
ategory Wind
Large Output /I- ll- ﬁ ik x
Chemicals i? x J x x
e | K [A] A/ ] %
o | Fe [ | X[ X[ X
»HYBRID Grid Support i:( /I- x+ / x
MOST
VERSATILE | Total Uses 3 |/ | X | X X
v Easily Meets
Numerous Needs NET* * / J x+ x

7,':(= Best, ‘/ = Average, x = Needs Work. See Appendix A for ranking method

B8 Notes: (1) Category scoring relative to each other. (2) Steam, compressed air, chilled <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>