Economie de I’hydrogéne
Quelle place pour le Québec ?

!/

™ '

L
5t 9
. L a

Philippe A. Tanguy

Polytechnique Montreal



Global Electricity Demand (in TWh)

40.000 Electricity generation
I from 36,000 to 42,000 TWh

Low carbon electricity
from 79% to 56%

20,000 Growth driven by non-OECD countries,
in particular China and India

Large increase in gas and renewables share
of generation by 2040

Low carbon
Solar, wind and gas: x 2.5 over 2015-40

» Solar: +9-13%/y

2015 2040  Wind: +6-9%/y
« Gas: +2-3%/y

B Renewables Gas Coal, other

IEA Scenarios 2018



Ensuring the Security of Supply

Buffering capacity: 15-20%
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Electricity Storage Solutions

Need of a Bridge Molecule

Discharge duration

Months
Weaks Pumped hydro
Compressed air
Days energy storage
Hours
Minutes
Seconds
System capacity’
1kW 10kW 100kW 1MW 10MW 100MW  1,000MW
. Electrical Mechanical ~ Electrochemical ~ [Hydrogen-related |

Power to Gas
Bloomberg 2017



Power to X

Power to Heat
- Use of RE as energy source to upgrade heat and steam
- Heat pumps, combined heat and cold storage

Power to Chemicals

- Use of RE as energy source for conversion of raw materials
to chemicals and fuels

- Use of renewable raw materials as feedstock for chemical
production, eg. biogas, biofuels, etc.

Power to Gas: H, or Methanation

Pure CO, captured from CO,
pnt v o i scriong CO,+4H,— CH,+2H,0 AH =-165.0 kJ/mol
Raw biogas from biogas plant CO,,CH, or . . . . .
valorization of CO, with Sabatier reaction
Syngas from gasification plant 0, CO. H, or
Storage &

compression

_______________________________________________________

Methanation
reactor
(77.7%ppv Max
efficiency)

Hydrogen Ccoz2 CH, feed-in

separator
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Pathways between Energy Carriers

Electron

Turbine or Turbine or
fuel cell

Fuel Cell
0 Electrolysis

Methanation or blending
—

Reforming



Power to H, - Water Electrolysis

e Electrolysis of water is the decomposition of
water (H,O) into oxygen (O,) and hydrogen

gas (H,) due to an electric current being
passed through the water.

Flow Diagram for Electrolyzer

Electron Electric Load |—
Flow

The electrolyzer reactions are: (Current) | [F— Cell Voltage —>
Anode: H,O0 - 2H*+% 0, + 2e°
Cathode: 2H*+2e"— H,
Overall; HZO — H2 + 15 02 Agc;ge Cagi;c;de

Chamber Chamber




H, Production Costs
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Storage & Transport of H,

— Horizontal or vertical cylinder vessel @ 50 — 900 bar
— Typically, 160 kg @ 200 bar

— Delivery by trucks (pipeline possible @ 40-70 bar)

— Can be stored in underground salt cavern

« Liquid
— Cryogenic vertical tank @ -253°C and Patm
— Typically, 600 kg
— Boll-off is an issue for long-term storage

. Solid
— Storage by adsorption-desorption on a metal hydride
e.g. Mg Hydride
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Storage & Transport of H, - Chemical Carriers

* Chemical
- MCH

3H;+CHsCH3 CeH11CH3

H2 energy carrier  Electrolysis H,

production +

- Electricity, Heat
ean

-

- [CHP application]

- NHjroute - Haber-Bosch
- Compounds of NH4

e

Storage / Transport

S

. ER
.«

Smart city

technology

-  MetOH, DME, Formic Acid
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(®Quantification of effect of repeated use of
hydrogen carriers on catalysts

(@Detailed designing of a smaller-size hydrogen
generator, and engineering date correction of

Sources: Chiyoda and JXTG N

3H,+ N, = 2NH, (400

the generator

ippon Oil and Energy

C, 200 bar, Fe catalysis)



Japan H, Supply Model

Overseas
(a)

free Hydrogen

H, ex hydro from Canada

H, ex wind from Chile

H, ex brown coal + CCS from Australia
H, ex O&G or solar from MEA

Production of CO, )

(c)

[Hz-Vqume: 02.5BNm3/Y 2300MNm3/Y ] (d)
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P - an - o,
Hydrogen P :
Power I
Generation
D Multi- fuel

p————————— —

*H,-Natural Gas (NAG)
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MetOH is also an option

Hydrogen
Reproduction
(+Purification)

Unloading
Point

LH,

MCH

1Storage
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- NH; can be co-fired with coal in flame-based power plant — Up to 20%
- NH; in a gas turbine, pure or mixed with NG (Tohoku univ.) — NOx

emissions can be controlled.

Muraki 2017

- NH; can be used as a feed for high temperature solid oxide fuel cells (Kyoto univ.)



Decarbonizing Mobility

[T]CO,
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X vehicles
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EMISSIONS from _ carpon intensity of < Energy intensity < Averagedistance ¢ Global fleet
the transport = energy per kilometer travelled per of vehicles
sector vehicle
) ’ Fuel = Gasoline and/or Fuel = 100% Electricity
Fuel = 100% Gasoline Fuel = Gasoline Electricity from Gnd from Grid
Engine Engine Engine Electric Motor

B
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Fill Up

Liquid fuels |«

Plug in at home at night:
use gasoline for longer trips
! } | Electrons
1. Conventional 2. Hybrid Electric 3. Plug-In Hybrid 4. Electric
Vehicle (CV) Vehicle (HEV) Electric Vehicle (PHEV) Vehicle (EV)




Electrical Mobility: Recharging or Refuelling?

High-pressure Hydrogen Tank

-
-
+~_) PHV.

Charger Engine

K /
.

Engine

Core technology for Electrified vehicles

Toyota 2018



Battery and Fuel Cell Electrical Vehicles

Weight
(Kg)

10,000,000+

1,000,000

100,000

10,000

1,000

100

FCEV . Synthetic fuels Q Bubble size roughly representing the annual
enerav consumption of this vehicle tvpe in 2050

City-buses @

Commercial fleets (including
Taxis) + bigger segments

. Small-buses Coaches
Urban mobility?
Medium-duty truck
Vans/LCV Average
Q_ Forklift2 &M mileage
per day
0 1,000+ (Km)

1 Battery-hydrogen hybrid to ensure sufficient power
2 Splitin A- and B-segment LDVs (small cars) and C+-segment LDVs (medium to large cars) based on a 30% market share of A/B-segment cars and a 50% less energy demand

Sources: Toyota, Hyundai, Daimler, H2 Council




Vehicles - Total Cost of Ownership

$16,000
Yearly —~ $14,/000
ownership  $12,000

cost by $10,000
drivetrainif ~ $8,000
purchasing  $6,000

via loan $4,000
($/year) $2,000
$0 - [ [ [ i . I —
ICE ICE diesel  HEV EV PHEV  $50k FCV, $50k FCV, $30k FCV,
gasoline $10/kgH2 $6/kgH2 $3/kgH2
B Fuel costs

Maintenance, insurance, license, and registration
Purchase price via 5-year-loan

Lux Research 2017

Fuel Cell Vehicles Need to Reach $30,000 Price and $3/kg Hydrogen to Match Hybrid Ownership




Deployment Challenge of Hydrogen Stations

Challenge

Phase 1: Basic infrastructure coverage > Phase 2: Demand-based infrastructure build up >

Numbers/
Volume

Number of hydrogen
fuelling stations (HFS)

Number of fuel cell
vehicles

Time

* PPP involving governments, car manufacturers and the energy suppliers
« ZEV mandate

 Grants and subsidies




Examples of Deployment in Selected Regions
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« HRS: 30 (today); 65 (2020)
« FCEV: 3,000 (today); 40,000 (2020) « FCEV: 5,000 (today); 18,500 (2020)

* Support:

Capex funding for HRS,

ZEV mandates,
LCFS credits

<100

 HRS: 50 (today); 100+ (2020)
« FCEV: 400 (today); 1,000 (2020)
* Support:

Capex & Opex funding for HRS,
500k JPY bonus per car purchased

<300

Linde 2018

1,000

Hydrogen

Hydrogen Delivery
Infrastructure

High pressure hydrogen storage and
transportation

Cryogenic liquid hydrogen delivery

High-density organic liquid hydrogen
storage and delivery at normal
pressure

Ballard 2018




H, Valorization in Mobility: Other Applications

Alstom - Coradia ILint

Nikola - 800 semi trucks ordered Pipistrel/Hydrogenics/DLR/UIm Univ
by Anheuser-Busch



H, Technology Timeline

Start of Mass market
commercialization acceptability!

A

In renewables-constrained countries
In other countries

e

4 oM E A Forkiifts i
Trans-. ity A Mid-sized and large cars
==& portation
W A City buses

[ = A Vans
m A Coaches

u-—a A Trucks

Sty A Small cars Synfuel for freight
ships and airplanes

A m A Minibuses
s B TR~

Medium-/low industry heat

Trams and railways E

Passenger ships

S ) Industry

: energy High-grade industry heat

%“ Blended hydgrogen heating

S Pure hydrogen heating

@» . Refining Production of methanol, olefins and BTX using H, and captured carbon?

L=ty Ammonia, methanol Steel®

| | | Decarpunizati::m of feedstcl:-ck“ | |

30 35 40 2045

Today 2020 25

H2 Council 2017



A Vision of the Future Energy System

Renewable energies

S

Trade & Industry

Offices

Industry
Power-to-X

Logistics Public buildings

Off-and ES

Mobility

Fuel cell

electric

‘Smart Gnds

> H,

» (Gas

» Electricity

il O » Heatl
Domestic energy supply

~ Cold

- Wegener 2017
Q ceciciy @ reat @ )

Airporig

Jattery-electric

H,, NG and electricity carriers
Integration of power and gas grids




Activity Highlights in Canada

Industry Mireo Siemens train

- Ballard (one of the pioneers - FC technology) E

» Hydrogenics (PEM electrolysers and HRS)

Academia
* Univ British Columbia (Clean E Research Center with H, station)
« UQ Trois-Rivieres (H, solid storage)
* Univ Sherbrooke (Biomass)
« Polytechnique Montreal:
- MCH catalysis
- Direct use of clean power in chemical processes (microwave)
- Green E cluster (being discussed with governments and industry)



