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World GHG Emission Emissions

Million Tonne ¢ yr!
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Global manufacturing accounts for 40% of total GHG
India and non-OEDC emissions are escalating
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W' U.S. Oil Refinery Capacity 554,000 bpd crude plant
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U.S. refinery operating capacity in barrels per stream day, as of January 2016 6




Chanaina needs of refineries
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~ 5 million tonnes of hydrogen was supplied to the refinery industry in 2015.
Clean hydrogen sources would reduces GHG emissions 25%.
H,-enriched burners could further reduce GHG emissions 20%.




Chanaina needs of refineries
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~ 5 million tonnes of hydrogen was supplied to the refinery industry in 2015.
Clean hydrogen sources would reduces GHG emissions 25%.
H,-enriched burners could further reduce GHG emissions 20%.




Coal >

> Changing combustion by industry....

Gasoline

0.684 tonnes/day

Natural Gas
237 tonnes/day

Crude Oll
109,000 bpd I

Electricity
28.0 MWe

Steam

Oil Refinery

531 tonnes/day >
Hydrogen

100 tonnes/day

52,300 bpd >

Diesel

19,700 bpd I

Kerosene |
10,400 bpd
CO, Emitted
3720 tonnes/day

As an example: Replace 20% of naturals gas with hydrogen to burn in
refinery steam boilers and fired-heaters would consume




W) World Steel Association Steel Report

Iron & Steel Production
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Primary metals manufacturing accounts for ~15% of
world GHG emissions (8% is from ferrous metals)

L 95% of these emissions can be voided with clean energy |
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World Steel Association Steel Report

Iron & Steel Production
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Z Iron & Steel Making Fqure Source.

ANSI, Technology Roadmap
Steel Refining Research Program for the Steel

Facility Industry, Final Report,

December 31, 2010

Iron Ore
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Coke Oven Produces molten steel / /

e
o Blooms Billets

By-Products

Blast Furnace _ Pig Iron Casting
Produces molten pig iron from iron ore

1)

2)

Iron and steel making employs two interrelated processes:

Molten pig iron is produced from iron ore with coke in a Blast Furnace (BF). The Pig
Iron is mixed with scrap metal and refined in a Basic Oxygen Furnace (BOF).

Solid metallic iron is produced in a Direct Reduction Iron (DRI). This iron is processed
with scrap metal in an Electric Arc Furnace (EAF) to produce molten steel.
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Z Iron & Steel Making

Iron Ore
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Steel Refining
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Electric Arc Furnace

Recycled Steel

Basic Oxygen Furnace
Produces molten steel

Blast Furnace
Produces molten pig iron from iron ore

Pig Iron Casting

Figure Source:

ANSI, Technology Roadmap
Research Program for the Steel
Industry, Final Report,
December 31, 2010
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Iron and steel making employs two interrelated processes:

Molten pig iron is produced from iron ore with coke in a Blast Furnace (BF). The Pig
Iron is mixed with scrap metal and refined in a Basic Oxygen Furnace (BOF).

Solid metallic iron is produced in a Direct Reduction Iron (DRI). This iron is processed
with scrap metal in an Electric Arc Furnace (EAF) to produce molten steel.

13




Z Iron & Steel Making

Iron Ore
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Figure Source:

ANSI, Technology Roadmap
Research Program for the Steel
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December 31, 2010
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Iron and steel making employs two interrelated processes:

1) Molten pig iron is produced from iron ore with coke in a Blast Furnace (BF). The Pig
Iron is mixed with scrap metal and refined in a Basic Oxygen Furnace (BOF).

2) Solid metallic iron is produced in a Direct Reduction Iron (DRI). This iron is processed
with scrap metal in an Electric Arc Furnace (EAF) to produce molten steel. 14




Direct Recovery Iron

DRI Process Development Examples

MIDREX™ oven gas or H,/CO mixtures.

U.S. CO, Breakthrough Program
Europe: ULCOS
Japan: COURSE 50
Korea: POSCO
University of Utah (FIT)

LEFT: MIDREX™ DRI shaft

gases and solids

BELOW: The ZR Process accepts any
reducing gas source — direct natural
gas, syngas from a coal gasifier, coke

furnaces are being installed around
the world to use various reducing

* DRI process technology is no longer considered nascent

» Benefits include: Process intensification; Reduced capital,
Increased energy efficiency: Reduced GHG emissions;
Iron ore concentrates processing

~

J
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% Direct Recovery Iron

BELOW: The ZR Process accepts any
reducing gas source — direct natural

DRI Process Development Examples gas, syngas from a coal gasifier, coke
« MIDREX™ oven gas or H,/CO mixtures.
U.S. CO, Breakthrough Program
Europe: ULCOS
Japan: COURSE 50
Korea: POSCO
University of Utah (FIT)

LEFT: MIDREX™ DRI shaft
furnaces are being installed around
the world to use various reducing
gases and solids

4 )

* DRI process technology is no longer considered nascent

» Benefits include: Process intensification; Reduced capital,
Increased energy efficiency: Reduced GHG emissions;
Iron ore concentrates processing
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! US Steel Mill Locations

The average steel mill produces
5,000 — 10,000 tonnes steel billets or slabs

Gerdau @

@ AK Steel
@ Gerdau

Nucor-Steel @

Gerdau
@ Gerdal ®
dau

Nucor Stee|
cMC@

@Severstal ArcelorMittal

@ Lakeside Steel

@Thyssen Krupp

@Berg @
Pipe - Ameristeel

@ UP Accessible Locations
@ Offline Locations

® Offline Locations - Non-Rail Served
42011

@ Birmingham Area
ACIPCO
CcMC
Nucor
U.S. Pipe

@ Canadian Mills

ArcelorMittal Canada, Contrecour, PQ
ArcelorMittal/ DoFasco, Hamilton, ON
Camrose Pipe, Camrose, AB
EssarSteel Algoma, Sault Ste Marie, ON
Evraz, Regina, SK

Gerdau Ameristeel, MRM, Selkirk, MB
Gerdau Ameristeel, MRM, Whitby, ON
Ivaco, L'Original, ON

Lakeside Steel, Welland, ON

U.S. Steel, Hamilton, ON

U.S. Steel, Nanticoke, ON

@ ME-NY-OH-PA-WV Mills

AK Steel, Middletown, OH
ArcelorMittal, Cleveland, OH
ArecelorMittal, Weirton, WV
Durabond, McKeesport, PA
Durabond, Steelton, PA

Ellwood Group, New Castle, PA
Republic Engineered Products, Canton, OH
Severstal, Dearborn, M|

Timken, Canton, OH

U.S. Steel, Ecorse, M|

U.S. Steel, Fairless, PA

U.S. Steel, Irvin, PA

U.S. Steel, Lorain, OH

VM Starr, Youngstown, OH
Wheeling Pitt Steel, Wheeling, WV

U.S. Steel

@ Chicago & Indiana Area

ArcelorMittal, Burns Harbor, IN
ArcelorMittal, Gary, IN
ArcelorMittal, New Carlisle, IN
Nucor, Crawfordsville, IN

SDI, Butler, IN

SDI, Columbia City, IN

SDI, Jeffersonville, IN

U.S. Steel, Gary, IN

@ Chicago & Indiana Area

ArcelorMittal, Indiana Harbor, IN
ArcelorMittal, Riverdale, IL
Atlas Tube, Chicago, IL

U.S. Steel, Granite City, IL

U.S. iron and steel demand is 120 million tonneseyr!
U.S iron and steel production in 2015 was 78 million tonneseyr!




Steps in the right direction...

O Steelmaking is an
energy intensive
process.

O An ideal steel making
process would:

v" Eliminate the need for
coal and coke

v Use domestic iron ores
especially concentrates,
which the U.S. has in
abundance

v Replace the high capital
coke oven and blast
furnace

v Be capable of
producing 5,000-10,000
so that it can support
the rate of production in
existing steel mills

Carbon

Coke
Blast Furnace

Smelting Reduction from Coal

Coal

Redsmelt

A

Blast Furnance + Plasma

Smelting reduction

Natural Gas from Natural Gas

H5 Prereduction EAF

A

FY
piy

Hs by Electrolysis of H5;0
Hydrogen Electrons

Electrolysis

Other reducing agents: Aldross, etc.



Top Chemicals / Chemical Feedstock

Acetic Acid Acetone Acrylonitrile
Ammonia Base oils-lubes Benzene
Butadiene Ethyl Alcohol Ethylene
Ethylene Glycol Formic Acid Isocynates
Melamine Methanol Oxo-Alcohols
para/ortho-xylenes Phthalic Anhydride  Phenol
Polyethylene Polyethlyene Polypropylene
Polystyrene Polyvinyl Chloride Propylene
Styrene Terephthalate Toluene

PE-LLD wire cables PP car bumper
\ M Iyql it pots
nade of PS
l
PE-LD reusable bags ‘” Q
‘ Film for food PS plastic cups
packaging
PVC boots fvcmdw Off/hl
rans PP folder:
L

Fertilizers

e ; PS;\RS-E pojcarbonate il
. 1 @ (N 17.5. 15 ; \ . a
Synthetic Lubes 4igH N

" 12155
PET -IH“Z- 2
PET bottles : O

Plastics & Resins & ¥

E ropea plt dmad byplyme rtype 2013
sssssssssssssssssssssssssssssssssssssss

- . ™.
e o N A
POy e e
RSN o]
» o
s 0¥ S ASY, Y
« e
PUR sponges
iy I PP flowerpot
I ] > . PUR
y insulation
I u e S PE-HD PE-LD, PP PS glasses frames A= = panels
milk bottles PE-LLD
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y So how many fertilizer plants are there in the United

States?

According to the Fertilizer Institute, there are 44 production plants around
the country. And 30 of those are nitrogen plants:

Operational U.S. Fertilizer Production Facilities - N,P 3 K

O ND

NE

NITROGEN

PHOSPHATE

POTASH

http://www.tfi.org/sites/default/files/images/usproductionmaps%28updated%29.pdf



Proposed major methanol plants and ammonia-based fertilizer plants (2015-18) Ul\

o

A Py

New Simplot Rock
Springs Plant in 2016
600 tpd*NH, o

2 4 fertilizer plants
» methanol plants

New Dyno Noble Louisiana Plant in 2016
2,000 tpd*NH,

21



Distributed Zero-Emissions Ammonia Plant Example

Oxygen
¥e Air Input

Wat Carbon Dioxide
ater (remove CO,
f from Air)

Hydrogen

Power Input

>
d Ammonia

Inerts purge

« 3 ton NHs/day skid-mounted unit

* Hydrogen production from electrolysis

+ Small scale application ~ 3 MW

« Simplified process to minimize capital costs

Distributed hydrogen generation enables distributed ammonia production.

22
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Distributed Zero-Emissions Ammonia Plant Example

Oxygen
¥e Air Input

Power Input o
Carbon Dioxide

(remove CO,
r’ f from Air)

Hydrogen

Ammonia

n

Inerts purge

« 3 ton NHs/day skid-mounted unit

* Hydrogen production from electrolysis

+ Small scale application ~ 3 MW

« Simplified process to minimize capital costs

Distributed hydrogen generation enables distributed ammonia production.
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Biofuels Upgrading with Clean Hydrogen

340 tpd Motor Gas

2,000 tpd Hybrid Popla; _ > Based on PNNL-18284
S AUENEER 460 tpd Diesel Rev. 1. (2009)
> Production of Gasoline

250 tpd Natural Gas [ @elale=V e dlE| R ETRe
incl. fertil : i i
(incl. fertilizer) 5 Reference DeSIgn 2,000 tpd ng \a;ir;‘dF[;zss;Iro?giglomass

Hydrotreating and
Hydrocracking: A Design

850 C Steam 90 tpd Case
Electrolysis Hydrogen

Thermal Energy 35 MW Steam with Heat

Zero-Emissions  FEaUVAUAS I dglel]aY

Generation

Recuperation

340 tpd Mo-Gas
>

Fast Pyrolysis with
2,000 tpd Hybrid Poplar [IREPIPSORSSNNE /60 tpd Dies)eﬂ

Emissions Hydrogen
Source

1,050 tpd ng

Zero emissions hydrogen reduces biofuels GHG by 50%.




340 tpd Motor Gas

2,000 tpd Hybrid Poplar
>

=
460 tpd Diesel
>

Fast Pyrolysis
Conceptual Plant

250 tpd Natural Gas

(incl. fertilizer)

N Reference Design

2,000 tpd CO;
>

Thermal Energy
Generation

Fast Pyrolysis with
External Zero-
Emissions Hydrogen
Source

e U2

340 tpd Mo-Gas
>

460 tpd Dies)eﬂ

1,050 tpd ng

Zero emissions hydrogen reduces biofuels GHG by 50%.




Changing the way methanol is made...

Steam Methane Reforming and Methanol Synthesis:
CH,+H,0 — CH,OH + H, +122.0 kd/mole

CO, Hydrogenation:
CO, +2H, — CH,0OH + %0, +154.9 kd/mole

Sources of CO» Solid Oxide
« Flue gas separation Steam ——>ERSIeE
» Oxy-fired flue gas CO, Cell
» CO, co-electrolysis with steam

Industry-based co-electrolysis provide “negative” GHG emissions
when producing fungible methanol.

26



Changing the way methanol is made...

Steam Methane Reforming and Methanol Synthesis:
CH,+H,0 — CH,OH + H, +122.0"mole

\1
| entid ¥
CO, Hydrogenation: e 904
S LY
CO, + 2H, >~5on " _w,* ¥ 1524.9 ki/mole
WzaY L Jane®
u e an A0 _
WO e
Sources of Solid Oxide
« Flue gas separation Steam ——>ERSIeE
» Oxy-fired flue gas CO, Cell

» CO, co-electrolysis with steam

Industry-based co-electrolysis provide “negative” GHG emissions
when producing fungible methanol.
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Annual PJ

2500

2000

® Fuel Steam M Electricity

20.3 Exaloules Total Energy

1500

How much fuel for heating can be
replaced with hydrogen?
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) Alkalies and Chlorine

Ethyl Alcohol
Iron and Steel
Lime
Nitrogenous Fertilizer
Paper (except newsprint)
Paperboard
Petrochemical 2 Pulp
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Changing combustion by industry....

Onsite
Renewable
0%

Steam___
5%

U.S. Manufacturing Site Energy Use
(including feedstocks) in 2010

20.432 Quadrillion Btu

Data source: U.S. DOE. 2015. “Manufacturing Energy and Carbon Footprints (2010 MECS)”

100% Non-process use
Other process use
Machine drive

80% - Facility HVAC

60% -
Process

40% - '

20% -

0% -

Fuel and Steam
Consumption by End Use

Zero Emissions Fuels: H,, NH;
Low Emissions Fuels: CH,, DME, DMC




C 0O O 0 0O O

Sum of Industrial Hydrogen Demand Profile

Refineries: 5—-10 MM tonnes

Steel making: 3 -6 MM tonnes

Biomass upgrading: 4 MM tonnes
Ammonia-based fertilizers: 5-10 MM tonnes
Combustion: 15 MM tonnes

TOTAL: 32 -45 MM tonnes

CH, H,0O

) *

O Nawral

Gas .
Drilling

-

- e ___TRT

Okay! Where and how do we produce this hydrogen?

32
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&7 n
<) G\
@ g SA
Ry

Electricity
51.1 MW,

Process
— Heat |
18.5 MW,

Water
4.48 kg s

23.3 kg s? '

High-Temperature
Steam Electrolysis

3.19 kg s!)

CO, Emitted

High Temperature Electrolysis (HTE)

Hydrogen

0.401 kg s

(Oxygen

Okgs?

H2A Cost Analysis:

$100/kW Fuel Cell Cost and $30/MW,h —>

$1.99/kg H,

33



Where is the Wind Resource?

Levelized PPA Price (2014 S/MWHh)

United States - Annual Average Wind Speed at 80 m

Levelized power purchase agreement for
wind by contract size, location and
vintage (DOE-EERE)

'| ® Northeast (1,018 MW, 25 contracts)

O Interior (20,611 MW, 212 contracts)

O West (7,124 MW, 72 contracts)
O Great Lakes (3,620 MW, 48 contracts)

@ Southeast (268 MW, 6 contracts)

Jan-96

Jan-00
Jan-04
Jan-05
Jan-06
Jan-07
Jan-08 -
Jan-09
Jan-10
Jan-11
Jan-14
Jan-15

PPA Execution Date



Where is the Solar Resource?

Photovoltaic Solar Resource
&= United States

Levelized Power Purchase Agreement for
Solar PV by technology, project size, and

contract vintage (LBNL)

PPA Execution Date

S T~ 32 MW (New York)
g =
A D; 550 MW
—ad -
poat” 3 ® (. P N
— ) N

8 { } ,f ""\ NS 250N

S =7 4 }f---. MW

e $150 =" % oL (A WSS \\ -

- X

Q [ - N N/

2 Y ! '] \-—P’

& $100 -+ PV (7,234 MW, 100 contracts) A 7 B BN

< | 8 D ‘~ ’/

o CPV (35 MW, 2 contracts) -

T $50 — @ Mixof PV/CPV (7 MW, 1 contract) N e A R

N

2 y CSP (1,301 MW, 6 contracts)

a $0 T T T T T T T T T T T T T T

-~ o~ o < n ) ~ ) o o - ~ o < Ln 0
o o =) o =) o =) o =1 - - i o =h -
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9 Nuclear reactors

U.S. Operating Commercial Nuclear Power Reactors

* 100 plants licensed to
operate

» 20-40 year more operations
with NRC re-certification

Actual cost of electricity
production by nuclear plants
in the United States

- -
,Io\ 10
o\
Fo% 8,
/
’ o \--_o,l e\‘ .8
o
g & o
8 \
o \ o -6
o \ °
R
s 0 _2#
) o M~
20 4 gz o -2
04 -0
T T T T
2002 2006 2010 2014
o Peak wholesale electricity prices, $/MWh

Nuclear operating expenses, median, $/MWh
| Nuclear operating expenses, 25th /75th percentiles $/MWh
- == Natural gas price, $/ mmBtu

mgww/$



Nuclear Energy in the United States

« 100 plants licensed to operate; 100 reactors — 100 GW, Capacity — 18 MM tonnes-H, ¢ yr!
» 20-40 year extended operation possible with NRC re-certification

m ME

T\ D2 p)
oy e (T
A

Vﬁn““%!m‘
o[-
| bﬂ@aﬁ Lo

&= 3 units

Licensed to Operate (100)

L USNRC

United States Nuclear Regulatory Commission
Protecting People and the Environment




SMR Comparison with HTSE

$/MMBtu

16

Industrial Gas Annual Energy
Outlook in 2015

—4—(2013S ) —#=—(nominals)

14

12

10

o N & O 00

2010

2015

2020 2025 2030 2035 2040




$/kg-H,

SMR Comparison with HTSE

$4.00
$3.50
$3.00
$2.50
$2.00
$1.50
$1.00
$0.50

$0.00

54 56 58 510
Cost of Natural Gas $/MMBtu

83 S5 57 59
Cost of Electricity $/MWeeh



Where is the population located?

The population of the United States

i ot disributed evenly. nstead, we and Source: http://geographer-at-large.blogspot.com/

10 bunch u:e in communities, learnghlhke} .

n weel n - - - - - -
.sl';ﬁ;;u Ameﬂcy;r'\“sul'::?:‘usvenrala: c?nas, 2011/12/map Of Week 12 12 2011us pOpUIatlon " html Where do we live?
today 53 percent live in the 20 largest Where don't we live?
cities. 75 percent of all Americans live in
metropolitan areas

Population
Distribution

J

This map shows population density. The Go West. Nevada is the ‘Wyoming hias the lowest What happens in the empty Chicago, the country’s

relative height of each major city reflects fastest growing state, fol population density of all spaces? Some of it is farm third largest city, has & pop-
its population in 1990. lowed by Arizona, kabo, states in the lower 48 with ing country. More than one ulation of about three million
e U5 Comman Burone o Seattle Coloraco, and Utah. an average of five people quarter of Amenica’s crop land pecple. There are 21 states

per square mile. s used to grow com. One with populations smaller than

third of what is produced is this city.

exported to other countries. Largest metropolitan area
o« Cheagn includes New York City and porticns
of New Jersey and Long Island with
 total poputation of 20 milkion,

Population density s high-
estin New York City, where
thete are 23,000 people per
square mile.

Approximately one in nine
Americans lives in the nation’s
most populous state—California
More than 15 million people lve
in the Los Angeles, Riverside, and
Orange County metropolitan area.

Wet. Some states are full of water,
For example, Lovisiana includes
more than 8,000 square miles of
lakes and wetlands. That's an area
bigger than Connecticut and Rhode

Island combuned Coastal areas are home 1o more
than half the US. poputation

Distributing our population New Jersey is the most densely Alaska is a sparsely populated siate
evenly would put an average of 76 populated state with an average with an average of one person per
people per square mile. of moee than 1,000 people per Square mude.
borcl 40



Source: “http://geographer-at-large.blogspot.com/
2011/12/map-of-week-12-12-2011us-population.html
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@ Possible Hydrogen Demand by Region

Iron ore concentrate processing

Source: “http://geographer-at-large.blogspot.com/
2011/12/map-of-week-12-12-2011us-population.html

Oil Refineries

42



Source: “http://geographer-at-large.blogspot.com/
2011/12/map-of-week-12-12-2011us-population.html

4Biomass
Upgrading
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Possible Hydrogen Demand by Region

Ammonia & Combustion processeg

Biomass
Upgrading
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Revitalizing the iron ore industry...

EyO

Minnesota'siron ..

oreindustry - ? A

O Babbitt

U.S. Steel-Minntac ArcelorMittal Minorca Mine

Hibbing Taconite i : } g 053 A Mesabi Nugget LLC
Chisholm  Kinney Oviginia  © O /AN
% U.S. Steel-Keewatin Taconite vile O (O Mountain Iron N Aurora 5
= /A Buh & a Hoyt Lakes
-\ /A\ L United Taconite LLC

Nashwauk (O Kee\%th 169, Hibbing

Magnetation LLC Mining Resources LLC

NOTE:
Five of the 12 facilities have announced

Taconite @) Essar Steel Minnesota LLC layoffs or idling already this year.
O Pengilly
OO Bovey 45
A Coleraine
G O
10 Repwts A NEWS TRIBUNE GRAPHICS

 Revitalization of U.S. steel manufacturing with taconite iron
ore concentrate for DRI could spur a 3-4X increase in mining

jobs and supply chain industries.
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! Case Study

m Renewable wind penetration of 30% in Midwest

m Nuclear plants now cycle up and down 30% on average
— 30% of 100,350 MWe capacity

m Hydrogen production potential is 5.5 million tonne H,

m Use hydrogen near nuclear plants for:
— Iron ore concentrate processing in Minnesota, Michigan, and Alabama
— Qil refineries along gulf shores
— Chemical plants along Eastern Coast States
— Biorefineies in Southeast
— Fuel cell vehicles on in U.S. Northeast, East, and Upper Midwest
— Combustion processes (Power-2-Gas)
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Hydrogen at scale enhances the U.S. energy portfolio through
sustainable use of domestic resources, improvements in
infrastructure, and increase in grld resiliency.
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Extra Slides
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Energy Systems Integration

Replace peaking
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Attaining Energy Security

Economic
Stability

= Energy cost S~

affordability and
stability

Environmental
Sustainability

m Maximize available
work from
renewable wind,
solar, geothermal
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