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Overall Structure of the NSERC IRC
Program

NSERC/Cenovus/Alberta Innovates Associate Industrial Chair Program in Energy and
Environmental Systems Engineering

Objective: To identify pathwaysto low carbon energy production and use considering costs, environmental
impacts, and resource availability. '

Integrated Energy-
Environmental Planning &
Modelling (IEEPM

Cost Curve Development (CCD) Environmental Footprint & EROI Integrated Energy-Environmental
Assessment (EEA) Planning & Modelling (IEEPM)

Understand the costs of existing and new low  Understand the GHG, water, and land Understand the GHG abatement

carbon/decarboznied energy production and footprints and energy return on cost and mitigation potential for

use through the development of techno- investment (EROI) of different energy energy pathways for a jurisdiction 2
economic models production and use pathways along with feedstock availability
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HYDROGEN ECONOMY STUDY:
APPROACH

LONG-TERM

HYDROGEN-
ECONOMY
MODELLING

OUTPUTS

Comprehensive literature LEAP-Canada Long-term FhDUEL

scan to identify hydrogen - )
production pathways Life cycle Long-range Energy results per scenario
assessment Alternatives Planning

available in Canada
Model Indicators:

¥
Literature review to GHG mitigation potential, system costs,
identify data available, $/tonne of COze abatement, market
applicability to Canada, -Canada-wide by region P ation o ology,
and data gaps Results for:
v -Long-term (beyond :
2050) Adopting hydrogen-based technology

For:nduct analyse_s to fill Techno- . -Bottom-up energy across demand sectors
missing data requirements Seullease il lle demand and supply GHG emissions mitigation potential

g CO, eq per unit output
m?3 water per unit output

ment
BRI _Intearated market Economic feasibility of market penetration
. g : : of hydrogen-based demand technologies
Determine regional Cost metrics penetration modelling o _
technical potentials of $ per unit output Optimize hydrogen production pathways by

-Fully integrated energy region

h .
ydrogen production system model

across Canada




OUTLINE

LBackground and framework for hydrogen study

e Motivation and overview
e Study framework
e Current hydrogen supply and demand in Canada

/

Technical potential of hydrogen production

e Natural gas

e Wind

e Solar

e Conclusions and future work

r

FUNNEL-GHG-NGTL model and NG+H, mixtures (hythane)

A /

p
Questions (after the presentation) — Please type your question in the chat box or just

indicate that you have a question to ask
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BACKGROUND &
FRAMEWORK FOR
HYDROGEN STUDY




BACKGROUND:
MOTIVATION & OVERVIEW

o Growing need to decarbonize the energy mix

0 Need to improve the operations of variable output
generators

oHydrogen (H,) is emerging as a major fuel and
energy carrier for a transition to a low-carbon
future

oFirst step to drive a hydrogen economy is to
understand the country-wide production potential



BACKGROUND:

GLOBAL H, DEMAND AND SUPPLY

GLOBAL DEMAND FOR PURE HYDROGEN
80 (1995 - 2018)
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BACKGROUND:
CANADA H, SUPPLY AND DEMAND

2004 hydrogen production and consumption in Canada 2018 estimated hydrogen production and consumption in Canada
Data from CANADIAN HYDROGEN SURVEY - 2005 Units: tonnes Estimates based on industry production growth Units: tonnes
— — 172,246
802,662 846,632 N ~ 4-. 3
Qil refini Qil refini Ay e
2595.995 s 3488978 & million
tonnes
789,000 1,630,353
Heavy oil upgrading - Heavy oil upgrading ° 5_8% of
Waestern region Waestern region
GLOBAL

DEMAND

Chemical

209,939
Chemical industry
by-product

L

204,625
Chemical industry
by-product

224,690 I 20,700 236,921 21,238
2,690 2,760
Atlantic region Merchant gas Atlantic region Merchant gas
Total: 3,403,050 Total: 4,335,412




HYDROGEN ECONOMY STUDY: CURRENT
HYDROGEN PATHWAYS IN CANADA

Hydrogen .| Hydrogen pathway -
transformation = end-uses =| Hydrogen export

Feedstocks - Hydrog_en - Hydrogen Hydrogen
production storage transport

» Ammonia production|—»| Industry and agriculture

> Chemical industry

Chlorine L »| Chloralkali electrolysis

Legend

= Oil sands upgrading
Grey H,

Petroleum refining

-
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Source: Fairlie M, Potter 1. Canadian Hydrogen Current Status and Future Prospects, 2004




HYDROGEN ECONOMY STUDY: POTENTIAL
HYDROGEN PATHWAYS IN CANADA

Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen pathwa Hydrogen
| _ - .| Hydrogenp y ydrog
Feedstocks | production “| storage || transport " transformation g end-uses 7| export
»| Electricity generation > All sectors
- »| Ammonia production > Indu_s try and
agriculture
| Hydrocarbon synthesis _,| Transport
" | (synthetic fuelsichemicals) [ |
Chlorine »| Chloralkali electrolysis »| Chemical industry
\ ’—i » Qil sands upgrading Legend
o]
‘ g N Mining Green H,
2
'qu » Petroleum refining Grey H,
o)
0
Heating and
micro-CHP
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TECHNICAL POTENTIAL OF HYDROGEN
PRODUCTION FROM:
NATURAL GAS
(STEAM METHANE REFORMING)




METHODOLOGY:

AGGREGATED INVENTORY APPROACH

In-situ natural gas
potential

H, conversion
- —
metrics

Demonstrable reserve
(ft3or GJ)

\ 4

Marketable recoverable
reserves
(ft3or GJ)

l

Technical recoverable

Result: H, technical
potential

Discount long-term
annual natural gas
production
(consumption + export)

Total H, technical

NG to H, conversion
factor

resources
(ft3or GJ)

System conversion

efficiency (70%)

» potential/year (kg-
H,/year)

_______________________________________________________________

Data obtained from provincial
agencies

Natural gas production and consumption
data from LEAP- Canada model

13



RESULT: HYDROGEN POTENTIAL FROM

{/’;/',-/j;,—j;f' yillion tonnes

energy-based hydrogen production.




TECHNICAL POTENTIAL OF HYDROGEN
PRODUCTION FROM:
WIND-BASED ELECTRICITY
(ELECTROLYTIC HYDROGEN)




WIND-BASED HYDROGEN METHODOLOGY:
A THREE LEVEL SPATIAL ANALYSIS

Step 1. Location Step 2. Resource Step 3. Wind energy to

suitability analysis penetration zoning hydrogen conversion
Obtain locations across the Analysis of high cut-off Technical analysis
country that are wind characteristics to calculations for hydrogen
geographically suitable for suitable locations production

wind farms

....................................................................................................................................................................................................................

GIS modelling with ArcGis and Qgis is used for the spatial analysis
Height at 100m to focus on high potential areas
Cut-off wind speed set at 7m/s for high velocity and high capacity factor

Existing wind power infrastructure is negligible (< 0.1%)

....................................................................................................................................................................................................................
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WIND-BASED HYDROGEN METHODOLOGY:
LOCATIONAL SUITABILITY ANALYSIS

Initial map of the
country per

To extract suitable
geographical areas far away
from landmarks:

* Rivers & Coastal water

* Buildings

* Population clusters

« Streets/Avenues

* Designated places

« Highways

 Roads

* Forests

« Parks 17




WIND-BASED HYDROGEN METHODOLOGY:
LOCATIONAL SUITABILITY ANALYSIS

Add a setback distance (from literature) for each
landmark where a wind farm cannot be built

Buildings 2000 meters
. Removed all setback

Population clusters 2000 meters .

distances (area) for the
Streets/Avenues 5000 meters landmarks
Designated places 1000 meters
Highways 2000 meters | OUTPUT
Roads 1000 meters Only geographical
Forests 1000 meters suitable land across the
Rivers & Coastal waters 500 meters country remain
Parks 150 meters

18




~Alberta (pre-analysis)

ALBERTA
EXAMPLE

I —
Post-suitability
analysis

White spaces
showing extracte
unsuitable area
which contained
landmarks

NN\

|

~Alberta (geographical suitable
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CANADA-
WIDE

Post-suitability
analysis

White spaces
showing extracted
unsuitable areas
which contained
landmarks

==

- 1Canada-wide (Post-suitab
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WIND-BASED HYDROGEN METHODOLOGY:
WIND RESOURCE PENETRATION ZONING

Theoretical wind
speed across
Canada

Windspeed (m/s) @100m

Value

20.9

OBJECTIVES

1. Zone all country-wide
theoretical wind
characteristics to only
suitable geographical points

2. Create a layer with wind
power characteristics with
cut-off wind speeds > 7m/s

Average wind characteristics are based on atmospheric re-
analysis and micro-scale dataset modelling from 2008 -
2017 "

21




Locations with
potential high wind
speed
characteristics

Windspeed (m/s)
9.9

Value

- 6.7

. .

OBJECTIVE

1St

 Windspeed
analysed for
Canada-wide
suitable areas

Onshore-wind
properties only

22



Power density (W/sq meter)

210

- 328
170

Suitable high
potential areas
with windspeed

>7m/s
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WIND-BASED HYDROGEN METHODOLOGY:
WIND ENERGY TO HYDROGEN CONVERSION

Electrolyzer
System

>
\—r’ Power electronics >

Wind power plant

Impact of wind turbine _
spacing in h|gh potential Hydrogen production

areas /

1kg of hydrogen requires
54kWh of wind-energy
generated

24




Total Technical potential
ws> 7m/s @ 100m hub height

Wind-Energy = 136641 TWh/year
Hydrogen = 1897.80 MMT/year

H2_MMT ~1.9 billion
0.00 - 64.81 tonnes of
64.82 - 129.62 hydrogen per

7.129.63 - 194 43
194.44 - 259.24
259.25 - 324.05

Bm 324.06 - 388.86

year

Sufficient to meet
2500% of current

global annual
hydrogen demand

25




HYDROGEN POTENTIAL FROM WIND-BASED
ELECTRICITY: PROVINCIAL SPREAD

Alberta: 2%

,éiitish Columbia: 2% J

NWT+Yukon+Nunavut
0 . . '
41% Main provinces : Manitoba: 0.3%
Saskatchewan: 3%
e 5 Ontario: 0.1%
| Quebec: 36%
o §
\ Newfoundland &Labrador
16%
O NWT+Yukon+Nunavut B Alberta A British Columbia B Manitoba
B Saskatchewan [0 Ontario Quebec B NewBrunswick

B NovaScotia Newfoundland &Labrador B PrinceEdward Island 26




HYDROGEN POTENTIAL FROM WIND-BASED
ELECTRICITY: THEORETICAL VS TECHNICAL

Wind-based H,- million tonnes/year

4000

3000

2000

1000

W Hydrogen (MMT/year)
@ Wind Energy (TWh/year)

......................................

26% reduction
from theoretical
potential to |
technical potential
due to location |
suitability '
constraints

Theoretical potential

ws > 7m/s @100m height

- 200,000
s
- 150,000 Q.
<
=
—
- 100,000 &
Q
c
Q
©
£
- 50,000 =
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HYDROGEN POTENTIAL FROM WIND-BASED =%
ELECTRICITY: TRANSMISSION LINE ACCESS W=

Hm No transmission line Transmission line within 40miles @ Transmission line within 30miles
B Transmission line within 20miles  E Transmission line within 10miles
2,000 1,898 MMT/year
Access to power transmission lines

© to potential wind farms reduces the
= 1,600 exploitable technical potential of
0 hydrogen
c
S May further
£ 12000 N N QAN lower the
e | economic
= 5 otential
€ 500 364 MMT/year POte
§J ' 333 MMT/year |
= 5 224 MMT/year 5
o 400 - |
2 | % | 121 MMT/year

a // | i

0 % 21
~ Hydrogen potential (MMT/year) 28




TECHNICAL POTENTIAL OF HYDROGEN
PRODUCTION FROM:
SOLAR-BASED ELECTRICITY
(ELECTROLYTIC HYDROGEN)




A THREE LEVEL SPATIAL ANALYSIS

Step 1. Location Step 2. Resource Step 3. Solar energy to

suitability analysis penetration zoning hydrogen conversion
Identify locations across the Analysis of high cut-off Technical analysis
country that are solar characteristics to calculations for hydrogen
geographically suitable for suitable locations production

solar-farms

The Global tilted irradiation (kWh/m?2) is used: GTI incorporates better groundé
reflection. E
High solar photovoltaic yield (output) cut-off set at 1400kWh/kW

Dataset does not cover the northern regions

No Rooftop-solar: building footprint area < 0.1% of suitable area

....................................................................................................................................................................................................................




LOCATIONAL SUITABILITY ANALYSIS

Initial map of the
country per

OBJECTIVE:
*same as In

To extract suitable
geographical areas far away
from landmarks:

 Rivers & Coastal water
* Buildings

* Population clusters

« Streets/Avenues

* Designated places
« Highways
 Roads

* Forests

e Parks 31




SOLAR-BASED HYDROGEN METHODOLOGY: (&=
LOCATIONAL SUITABILITY ANALYSIS g

Add a setback distance (from literature) for each *same as in wind

landmark where a solar farm cannot be built analysis*
'
Buildings 2000 meters
. Removed all setback
Population clusters 2000 meters .
distances (area) for the
Streets/Avenues 5000 meters landmarks
Designated places 1000 meters
Highways 2000 meters | OUTPUT
Roads 1000 meters Only geographical
Forests 1000 meters suitable land areas
Rivers & Coastal waters 500 meters across the country
Parks 150 meters remain

32




- 1Canada-wide (Post-suitab

Post-suitability
result
*same as wind*

CANADA-
WIDE

==

White spaces
showing extracted
unsuitable areas
which contained
landmarks

33



SOLAR-BASED HYDROGEN METHODOLOGY:
SOLAR RESOURCE PENETRATION ZONING

Theoretical tilted solar
Irradiation across
Southern-Canada

g <
.
% ¢
{ 0 k& Y
A 3 ‘
W
ATH
=
4 >
£y I.‘
i 3
: y:
-
) "l
______ o
5 ngy
9
5 ‘},,..--
i 7

OBJECTIVES

| characteristics to only suitable

1. Zone all country-wide
theoretical solar irradiation

geographical points

2. Create a layer with solar
power characteristics with cut-
off solarPV yield >
1400kWh/kW

34



ZonedGTI (kWh/m2/year)

1876

— 1489

1148

Areas with potential
high solar irradiation

Tilted solar
Irradiation
analysed for
Canada-wide
suitable areas

35



ZonedGTI_PVOUT>=1400 kWh/kWp

Value

1875.42
]

- 1701.73
1541.74

High solar
irradiation with

solarPV yield >
1400kWh/kW
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SOLAR-BASED HYDROGEN METHODOLOGY:
SOLAR ENERGY TO HYDROGEN CONVERSION

\'l
: 3
Ll

Power electronics . Electrolyzer
System

Solar power plant
Impact of solar array /Hydrogen production
packing factor in high /
potential areas 1kg of hydrogen requires

54kWh of wind-energy
generated

37



Total technical potential
GTI, with optimum tilt rIAL

& PVOUT > 1400 kWh/kWp

Solar Energy= 12,545.84 TWh/year
Hydrogen = 174.29 MMT/year

H2_MMT ~174 million

0,00 - 4.01

4.02 - 8.02 tonnes of
218,03 - 12.03 hydrogen per
12,04 - 16.04 year

W 16.05 - 20.04
I 20.05 - 24.05

Sufficient to meet
236% of current
global annual
hydrogen demand

38




HYDROGEN POTENTIAL FROM SOLAR-
BASED ELECTRICITY: PROVINCIAL SPREAD

20 0.4 MMT/year,
MM":/ year, Ontario, 0.23%
Manitoba,

11%
/

Solar-
based 71 MMT/year, Saskatchewan, 53 MMT/year, Alberta, 30% 30 MMT/year, Other
hydrogen 41% provinces, 17%

0% 20% 40% 60% 80% 100%

Contribution (percentage)

M Saskatchewan [ Alberta [OManitoba 0O Other provinces ™M Ontario 39




HYDROGEN POTENTIAL FROM SOLAR-BASED
ELECTRICITY: THEORETICAL VS TECHNICAL

Solar-based H,- million tonnes/year

800

600

400

200

W Hydrogen (MMT/year)

Theoretical potential

[ Solar energy (TWh/year)

69% reduction from
theoretical potential to
technical potential due
to location suitability
constraints

Technical potential

PV output > 1400 KWh/KWp/year

- 50,000

- 40,000

- 30,000

- 20,000

- 10,000

Solar energy — TWh/year
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ELECTRICITY: TRANSMISSION LINE ACCESS

O No transmission line [ Transmission line within 40miles @ Transmission line within 30miles
B Transmission line within 20miles @ Transmission line within 10miles
_ 200 Access to power transmission
5 174 MMT/year lines for solar-farms also reduces
Q y ] ) ;
> the exploitable technical potential
v 160 T
0 144 MMT/vear ; 4o mmT/year i
c
S ' 125 MMT/year E .
~ 120 . Economic
(- [—~— . -
= : m%d \ 81 MMT/yearE may also
£ 80 ; “rop ~—=/\+—. be lowered
(o]0)] I I 1
O 40 | |
s ! 2
I | |

0 , i

Hydrogen potential (MMT/year)
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TECHNICAL POTENTIAL OF HYDROGEN
PRODUCTION: KEY OBSERVATIONS &
FUTURE WORK




KEY OBSERVATION:
HYDROGEN TECHNICAL POTENTIAL

o Hydrogen technical potential from resource-level natural gas is ~ 9x
greater than from cleaner RE-based production.

Hydrogen potential between major production sources in Canada

N
o
o
o
o

MMT/year = 17,040

16,000 * Provincial distribution

12,000

* GHG footprint

»o  Cost of production

4
/000 MMT/year = 1,898

_ MMT/year = 174

Natural gas Wind-based Solar-based

Hydrogen-million tonnes/year

SMR-based Electrolytic-hydrogen

43




o ~5-30% of feasible hydrogen technical potential from wind and solar-based
electricity can meet long-term country-wide demand.

* Further LEAP-Canada multi-sectoral Wind-based H2 ¥
delling still necessarv * (5% exploited), 94.9 MMT/year | !
modelling v o |

| Solar-based H2 ;
'(30% exploited), 52.2 MMT/year | | i
o

B
o

Hydrogen-million tonnes/year

0
2018e 2020(a) 2025(a) 2030(a) 2035(a) 2040(a) 2045(a) 2050(a)
Estimated Hypothetical progression
O Demand 10% growth B Demand 20% growth B Demand 40% growth Wind-based H2 ® Solar-based H2
(5% exploited) (30% exploited)




FUTURE WORK

o Constraint analysis for electrolytic hydrogen:

= Access to water bodies (rivers or lakes)

= Access Natural gas pipeline

o Quantify the hydrogen production potential from other
production pathways.

o Techno-economic analysis for multi-sectoral hydrogen
diffusion with LEAP-Canada.

o LEAP-Canada modelling of long-term GHG abatement
potential and abatement cost for hydrogen.

45




GHG Emissions in
Transporting Hydrogen
through Natural Gas Pipelines:

I Hythane




FUNNEL-GHG-NGTL MODEL
AND NG+H, MIXTURES
(HYTHANE)




BACKGROUND

0 NG demand is expected to increase by 40% from 2015 to 2040
O Pipeline proposals are being presented to the federal government
0 Transportation stage contributes

= 8-40% of pre-combustion emissions

= Up to 8% of well-to-combustion (WTC) emissions
o Current literature results are high level and not pipeline-specific

= Uses aggregated data or a high-level analysis with limited scope
o Gaps to Address:

= The developed model will determine pipeline-specific emissions
and be able to investigate the effects of key project alternatives

= Investigate potential of “greening” NG with H,

48



FUNNEL-GHG-NGTL MODEL
OVERVIEW: BOUNDARY

Boundary

= e e e e - = -

Construction Operation
Equipment Diesel Compressor
Material Upstream FuelElectricity
Land Clearing/ Fugitive
Biomass Station
Combustion Parasitic Load

l
Decommissioning |l
«  Pipe Cleaning |
*  Pipe Infilling
*  Pipe Removal |

and Disposal |

ingmnn|

|| Compressor Compressor |

) : City Gate, Power
Pipe I Stations Stations I Plant, or Storage

Laterals o Facility

Giovanni Di Lullo, Abayomi Olufemi Oni, Eskinder Gemechu, Amit Kumar, Developing a greenhouse gas life cycle assessment
framework for natural gas transmission pipelines, Journal of Natural Gas Science & Engineering, vol. 75, pp. 103-136, Jan. 2020 49

Gathering Lines
and Storage Tanks




FUNNEL-GHG-NGTL MODEL OVERVIEW:
TEMPLATE LAYOUT

Compressor
Station

\/

Compressor

Station

Compressor Parameters Units User Input  Model Input Pipe Section Parameters Units User Input  Model Input Compressor Parameters Units Pipe Section Parameters Units User Input  Model Input
Inlet Pressure MPa Inlet Pressure MPa Inlet Pressure MPa Inlet Pressure MPa

Outlet (To Pipeline) Pressure MPa Outlet Pressure MPa Outlet (To Pipeline) Pressure MPa Outlet Pressure MPa

Flowrate m3/hr Flowrate m3/hr Flowrate m3/hr Flowrate m3/hr

Cooler Pressure Drop % Inner Diameter/Gas Outlet Temp  [mm/K Cooler Pressure Drop % Inner Diameter/Gas Outlet Temp |mm/K

Scrubber Pressure Drop MPa Parallel? Scrubber Pressure Drop MPa Parallel?

Facility Piping Pressure Drop MPa Parallel Diameter mm Facility Piping Pressure Drop MPa Parallel Diameter mm

Max CR Parallel flowrate guess % Max CR Parallel flowrate guess %

# Stages Length km # Stages Length km

CR Absolute Roughness m CR Absolute Roughness m

Flowrate Change (+) enters pipe  |m3/hr AElevation (+ uphill) m Flowrate Change (+) enters pipe  |m3/hr AElevation (+ uphill) m

Fuel taken from pipeline? Yes/No Pipeline Efficiency Fuel taken from pipeline? Yes/No Pipeline Efficiency

Interstage Cooler Outlet Temp C Gas Inlet Temperature K Interstage Cooler Outlet Temp C Gas Inlet Temperature K

Polytropic Efficiency Ground Temperature K Polytropic Efficiency Ground Temperature K

Compressor Mechanical Efficiency Gas Viscosity cp Compressor Mechanical Efficiency Gas Viscosity cp

Max / Total Power kW/station Max Velocity m/s 10-13m/s Total Power kW/station Max Velocity m/s 10-13m/s
Turb Eff. (pipe gas used) or Grid ele{% or g/kWh Average Pressure drop kPa/km aim for 15-3! Turb Eff. (pipe gas used) or Grid ele{% or g/kWh Average Pressure drop kPa/km

Fuel Consumption m3/hr Pipe Thickness / Steel Volume mm/m3 20.0 Fuel Consumption m3/hr Pipe Thickness / Steel Volume mm/m3

Electricity Consumption kWh/hr Pipe Volume m3 Electricity Consumption kWh/hr Pipe Volume m3

Compressor Type /Fugitive Methan{gCH4/hr _ |Cent. Compressor Type /Fugitive Methan{gCH4/hr

Giovanni Di Lullo, Abayomi Olufemi Oni, Eskinder Gemechu, Amit Kumar, Developing a greenhouse gas life cycle assessment
framework for natural gas transmission pipelines, Journal of Natural Gas Science & Engineering, vol. 75, pp. 103-136, Jan. 2020 50




FUNNEL-GHG-NGTL MODEL
OVERVIEW: CALCULATIONS

o Governed by compressible gas flow

o Custom Excel functions allow iterative calculations
= Z factor using Peng-Robinson equation of state
= Pipe friction factors
= Outlet temperature, pressure, and parallel flowrates
Approximates expansion cooling

51



FUNNEL-GHG-NGTL MODEL
OVERVIEW: PIPELINES ASSESSED

Specification Alliance Pipeline Prince Rupert
(Built) Mainline (Planned)

Composition Rich NG Conventional NG

Route 3,000 km, BC/AB to 878 km, Hudson’s
Chicago, 1,361 km Hope to Prince Rupert
assessed

Capacity 47.2 — 52 56.6 (Phase 1)

(million m3/d) 101.9 (Phase 2)

Max Allowable Operating 12 MPa 9.9 MPa

Pressure (MAOP)
Diameter 914 mm / 36" 1219 mm / 48"
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FUNNEL-GHG-NGTL BASE CASE
RESULTS: EMISSION INTENSITY

O NG fuel: 65-82% — Decomm — Constr
O Fugltlve: 13_160/0 o Fugitive mam NG Fuel

_ — Stats Can — |_iterature

o Construction: 4-17% 5 20

o Decommission <2% 2E 16
Ex

59 12

o StatsCan and literature €3 08
s O

are NG comb. only 22 04

= 00

Alliance  Prince Rupert Prince Rupert
1 2

Giovanni Di Lullo, Abayomi Olufemi Oni, Eskinder Gemechu, Amit Kumar, Developing a greenhouse gas life cycle assessment
framework for natural gas transmission pipelines, Journal of Natural Gas Science & Engineering, vol. 75, pp. 103-136, Jan. 2020 53




FUNNEL-GHG-NGTL BASE CASE
RESULTS: VALIDATION CHECKS

O Fugitives take up Pipeline av APav Comp
less than 0.005% (m/s) |(kPa/km) Pg;ver

of gas volume

Typical 10-13 15-35
Alliance 6.6 16.8 72%
Prince Rupert 1 4.8 5.5 52%

Prince Rupert 2 9.0 18.7 54%
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FUNNEL-GHG-NGTL BASE CASE
RESULTS: VALIDATION PROCESS MODEL

o Compressor power is accurate within 1%

0 Pipeline pressure drop is accurate within 4%

= Variation due to different friction factor equations used
o We include pipeline efficiency term to account for uncertainty in results

55




FUNNEL-GHG-NGTL MORRIS
PARAMETER SCREENING: ALLIANCE

0.4

0 Requires simple min/max Zone 2 Flowrate
ranges for each parameter o— MAOP
£ 03
T Pipeline Eff.
I3
0 Base case > /Interstage Fugitive
~1.5gC0,eq/Gl.km S 0  CodlerTemp. [ A
.y s . ' CH4 Turb Eff.
o) >
09/55 (16%) sensitive inputs |3 AR \, ¢ Tub.ne
« ° Polytropic Eff. Comb.
= 01 +— ®
S L
= o
o~,_ "
Giovanni Di Lullo, Abayomi Olufemi Oni, Eskinder Gemechu, Amit Kumar, 0.0 J Zonle 1 . .
Developing a greenhouse gas life cycle assessment framework for natural 0.0 0.2 0.4 0.6 0.8
gas transmission pipelines, Journal of Natural Gas Science & Engineering, Morris Mean (gCO,eq/GJ.km)

vol. 75, pp. 103-136, Jan. 2020 56



INJECTING H, INTO NG PIPELINE:
KEY CONCERNS

o How to calculate Hythane properties?
0o How much H, can pipeline handle?

o How will pipeline operation change?

57



H, PROPERTIES

0 Update to more complex solver that can handle H, blends

= Can calculate gas properties from composition
= Up to 27% H,

0 Updated viscosity calculations for improved accuracy
= Accurate ~1% for P<7MPa
= Pipeline pressure up to 12 MPa
= No data for higher pressure H, mixtures
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H, VS. NG PROPERTIES

II-II__
Mass Energy Density NG 0.4 x H,
(MJ/kg)

Std. Volume Energy Density 10.2 36.9 NG 3.6 x H,
(MJ/m?3)

12 MPa Volume Energy 1137.9 5893.6 NG 5.2 x H,

Density (M]/m?3)

H,>CH, Energy by Mass
H, < CH, Energy by Volume
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H, LIMITS IN NG PIPELINES

O Limited System Adaptions: <6% H,

0 End Use Appliances: 10-15% H,
= 0% H, for poorly calibrated equipment

0 Technically Possible: 5%-15% H,
= Europe grids allow 0.01% to 12% H,

o Minimal Change in Risk of Ignition and Severity of
Explosion: <20% H,

o H, Cracking: <50% H,

Will Examine 0-15% H,
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PIPELINE OPERATION: WHAT IS

EQUIVALENT FLOW?
o Alliance Pipeline Base Case Flow: Density
= Std. Volumetric Flow= 1.85 million m3/hr (kg/m3)

= Mass Flow = 1.41 million kg/hr
= Pipeline Energy Capacity = 18.5 GW

o Composition affects:
= Density
m LHV
= Viscosity
= Compressibility

LHV (M3/m3)
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HYTHANE EXPANDED SCOPE

CCS (Optional)

1

H, SMR

1

NG Extraction

and Processing

Weighted
Average
Blending

Transmission Pipeline

Affected by Complex Blending

Distribution
]
NG Combustion

Calculated
for Blend
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H, STEAM METHANE REFORMING

(SMR)

‘ SMR Flue Gas ‘

Feedstock
Pre-treatment

A

Feedstock

Shifted
Syngas

Steam
Reforming

Supplementary
Fuel

‘ PSA Tail Gas \
|
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H, AFFECT ON NATURAL GAS
FUGITIVES

0 H, 3x leaks faster than CH, by volume
= By mass ~ CH, leaks 2.6x faster than H,

o GWP with feedback
= CH,: 34 gCO,eq/gCH,
= H,: 4.8 gCO,eq/gH,
0o Overall fugitives from CH, 18.3x worse than H,

o Distribution emissions due only to fugitives

Adding H2 will I H2 emissions but lCH4 emissions
Overall, lFugitive emissions
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IMPACT OF H, ON PIPELINE OPERATION:
CONSTANT VOLUMETRIC FLOWRATE

Alliance

o Compressor Power

2%
C .P MW . .
0% e ———————— . | = Multiple nonlinear

Pipe Pressure affects

Drop (MPa) o Temperature

o Molecular Weight

o Density

o Heat Capacity Ratio
o Compressor Ratio

-2%

-4%

Energy
Capacity (GW)

-6%
-8%

-10%
’ Mass Flowrate (kg/hr)

% Change from Pure NG (Alliance)

2129 Energy Shortage may occur
NG -> 37M])/m3
-14% 85%NG, 15%H, -> 33 MJ/m3
0% 5% 10% 15%

%H2 in Hythane Mixture
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IMPACT OF H, ON PIPELINE OPERATION:
CONSTANT VOLUMETRIC FLOWRATE

Alliance Prince Rupert Phase 2
2% Comp. Power (MW) 2%
M Comp. Power (MW)

0%
0%

0%
10% 15% 0%

15%

T, e
§ 2% Pipe Pressure 2% ipe Pressure
= Drop (MPa) Drop (MPa)
o % -4%
= (V]
g e
& -6% S 6%
£ o
2 E
4= o a0
8o 8% 8% Energy Capacity\GW
T
i -
< 10% -10%
° Mass|Flowrate (kg/hr)
-12% 12%
Mass Flowrate (kg/hr)
-14% -14% . .
%H2 in Hythane Mixture %H2 in Hythane Mixture
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WELL-TO-COMBUSTION (WTC)
EMISSION BREAKDOWN

+29 -4%
80.000 Pure NG Grey H2 % Green H2 &
7 WTC: 71,580 WTC: 73,161 WTC: 68,945
3 70,000
P Blue H2
> 0,
§ 60,000 56,332 -4% WTC Breakeven
S 50,000 23,83 e @ CCS 41%
§ 40,000 1’58(1) 5;? Combustion
2 30,000 : = Distribution
= 4,429+8% |
w 20,000 4776 B Transportation
u ’
E 10,000 775 B SMR Upstream
0 9,239-5% 441 m H2 SMR
8,812

NG 15% Grey H2 B NG Extr. & SP
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CC RATE AFFECT ON WTC EMISSIONS

0 WTC Breakeven ~30%

= Depends on:
o Transport distance

o Pipeline pressure Transportation
: Emissions
o Compressor spacing
o %H, } Fugitive &
Transportation

Emissions

0 100% CC cannot capture
SMR upstream emissions

Moderate Carbon Capture
Required to Justify Blue H,

3%

29% Grey SMR

1%

50% CC

0%

-1%
90% CC

-2%

% Change in WTC Emissions from Pure NG

-3%
Green CO, Free H,
-4%

0% 5% 10% 15%
%H2 in Hythane Mixture
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HOLDING ENERGY CAPACITY
CONSTANT: ALLIANCE

Constant Energy Previous Constant
Capacity Volumetric Flowrate

8% . ..
Transportation Emisions

6% (gC02eq/GJ-km)

60%
Comp. Power (M)

4%

[0, |
2
»®

2% Comp. Power (MW}

- Achieving Constant 0%

Energy Capacity Will
Be Difficult

0%
0P%
-2%

30% 10% 15%
(]

Transp. Emisions
(gC0O2eq/GJ-km)

-4%

20% Energy Capacity {GW)

- Significant
Investment Maybe
Needed

-6%
10%

% Change from Pure NG (Alliance)

Std. Volumetric 8%
Flowrate (m3/hr) 109 | _Mass Flowgate (kg/hr)

% Change from Pure NG (Alliance)

0%
Mass Flowrate
10% (kg/hr) -12%
= o
0% 5% 10% 15%  -14% _ _
%H2 in Hythane Mixture %H2 in Hythane Mixture
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CONSTANT VOLUMETRIC FLOWRATE:
IMPACT ON END USER

8% Transportation Emisions H Typical Energy Usage
6% (8C02eq/G)-km) = HEV ~0.7kg H,/day
= Canadian residential ~105GJ NG/yr.
o Alliance Base Case:
che 100 140, = 5.71 million Residential Users

4%

2% Comp. Power {MW)

0%
0%
-2%

% Change from Pure NG (Alliance)

o Alliance 0%->15% H,, constant
e tnerey Copacity (GW1 | yolumetric flow
-b%
| +810,000 HEV Recover
-8% = =
10% Mass Flowrate “(g/hr) | -856,000 reSIdentIaI Users H2 for HEV
R
-12% O _ _ Combust
aes = -621,000 residential users} Hythane
%H2 in Hythane Mixture Directly



DOWNSTREAM TRANSMISSION
LINES

O Transport emissions may decrease if pipeline has:

= High CR
= High AP/km Adding H, Increases
Emissions Distribution
Main Trunk Line : Li <1.3
9-12 MPa : nes =23
coome | MPa (200psi)
: ' ' Lower Pressure
Gathering Lines Compressor Compressor ", Transmission Lines (Pipe
and Storage Tanks| Pipe | |20 Stations — @l Laterals) 3-10MPa
Adding H, May
: Decrease Emissions
- | for High Emission
Overall Emissions Will Large Industrial Larqetiigw i Linesg
Increase Due to Longer Length —
of Trunk Lines
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LINE PACK AND STORAGE

o Line Pack for 100 km
Alliance pipe section

m 0%H,->15%H,
oVolume: -8.3%
o Energy Content: -18.0%

Salt Cavern
Min 7 MPa Pressure

0%

Y ——Storage Volume
- 0
—e—Storage Energy

-10%

-15% -\‘\‘\‘\5—0_*—&"/.

-20%

%Change from Pure NG

\W

7 12 17
Cavern Pressure (MPa)

-25%
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WELL-TO-COMBUSTION EMISSIONS
H, BLEND

o At 15% H, Blend

= Reduces Pipeline Energy Capacity by 11% and Storage by 24%
o NG demand is expected to increase by 40% from 2015 to 2040

= Without CCS (Grey)

o Increases WTC Emissions by 2%

= With CCS (Blue)
o Reduces WTC Emissions by 3%
o Adds additional CCS Costs

= With Zero Emission H, (Green)
o Decreases WTC Emissions by 4%
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