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* This project is a subtask of the International Energy Agency
(IEA) Hydrogen Implementing Agreement (HIA) Task 30 (Global
Hydrogen Systems Analysis).

* The overall objectives of Subtask 30A (Global Hydrogen
Resource Analysis) are to:

1. Analyze potential hydrogen production and distribution pathways for
participating countries
2. Develop a user-friendly pathways analysis tool that allows users the
ability to:
» Understand the resource options and constraints to meeting future
hydrogen demand for various fuel cell vehicle market shares; and to

« Estimate potential petroleum savings and greenhouse gas emission
reductions associated with various scenarios.

3. Collaborate with IEA analysts as appropriate to support global
hydrogen resource analysis.
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Approach

The Global Pathways Resource Analysis Tool (GPAT) calculates
least-cost pathways for H2, including consideration of: feedstock,
conversion, regional and long-distance distribution, and carbon costs.

For each country, hydrogen demand is calculated based on
assumptions about future hydrogen vehicle market shares.

Hydrogen production costs are calculated based on country-supplied
data on feedstock availability for hydrogen production by type, cost,
and quantity from 2010 to 2050, and assumptions about hydrogen
production technology assumptions (efficiencies, costs, etc.).

A key feature of the Global Pathways Resource Analysis Tool is the
ability for users to vary key assumptions, including resource
availability and price, vehicle shares and efficiencies, carbon taxes,
and renewable portfolio standards, and view real-time results, making
the tool ideal for policy-level discussions.
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Key Assumptions
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Delivered H2 costs include:

Feedstock costs

Production (or conversion) costs

Distribution costs within region

Long distance distribution costs between countries
CO, prices (default is zero)



Feedst

Feedstock costs
« Countries supplied feedstock prices and resources available over time
* H2 costs ($/GJy;,) = feedstock cost ($/GJ;,,1)/conversion efficiency(GJy,/ G pu)

* Conversion efficiencies based on U.S. analysis pending completion of Task 30B
(H2A 3.0)

 Example: Coal costs — 4.28 $/GJ. H2 Feedstock costs = 4.28/.536 = 7.98 $/GJ

Technology Assumed Efficiency (%)
Onsite natural gas (SMR) 71.9
Centralized natural gas 72.7
Electrolysis 72.5
Biomass 49.6
Centralized Coal 53.6



Production Costs

Production costs
* Include all production/conversion costs other than feedstock costs

* With exception of Japan, production costs are based on a previous
U.S. analysis pending completion of Task 30B (H2A Systems
Analysis, version 3.0)

Technology Production Costs ($/GJ)
Onsite natural gas (SMR) 6.67
Centralized natural gas 3.25
Centralized coal 10.75
Centralized coal with CCS 14.67
Biomass gasification 8.92
Electrolysis 5.25
) i, 7




Distribution costs

within region)

Distribution costs
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Includes all costs from plant gate to end use

With exception of Japan, distribution costs based on H2A Systems
Analysis Model.

Onsite options: 13.75 $/GJ
* Includes compression, storage, and dispensing
« Based on natural gas reforming 1500 kg/day H2 production capacity
« Capital (65%), fixed O&M (23%), and variable O&M including utilities (22%)

Centralized options: 21.50 $/GJ

* Includes compression (25%), storage (26%), pipeline transport (32%),
liquefaction (8.3%), and refueling station (7.9%)

« Assumes pipeline transport within an urban setting with more than one million
people, market penetration of 50%, 700 bar cascade, and liquid storage

GPAT does allow for annual changes in these numbers (used in Japanese
case)
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Long-distance distribution costs

Long-distance distribution costs
* Includes costs of pipeline distribution between regions/countries

* Cost equation estimated using H2A Delivery Scenario Analysis Model
(HDSAM) model:
Costs ($/kg) = 0.7982 + 0.00206*Distance (km)

H2 Distribution Costs via
Pipeline

y =0.0021x + 0.7982
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Key Assumptions (continued)

Default assumption is that H2 production is based on least cost
option

Countries can require certain percent come from domestic or
non-CO2 emitting sources

As new options become economically competitive:
* More expensive domestic sources phased out over 10 years

» Instantaneous switching from non-domestic sources (if France is
purchasing H2 from Germany and the Spanish source become
cheaper, switches to Spanish source)

Base cases assume German policy mandating 20% of H2
produced from renewable resources.

H2 demand based on assumptions about light-duty vehicle fleet.
Default assumes 40% market share of new vehicle sales for fuel
cell vehicles by 2050.

« Exception: France assumes 20% market share
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Results

The analysis shows that there are a large number of
potential pathways for providing hydrogen to fuel a
significant vehicle fleet and that resource availability is
not the limiting factor in a hydrogen economy.

Using GPAT, each participating country has identified
multiple options for producing hydrogen domestically.
Two scenarios presented:

« Scenario 1: Each country produces sufficient H, domestically to
meet demand (no trading between countries).

« Scenario 2: Interregional trading and 100 $/ton CO.,e by 2025.
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Case 1: No Interregional H2 Trading, Global

kg/yr . . .
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Result pages show:

* Hydrogen production (above left) and consumption by region (production = consumption
for Case 1)

* Total delivered costs (above right) and in stacked bar format by country
* Production pathways
« CO2 emissions from vehicles

 Comparison of increased feedstock demand due to H2 production compared to 2009
F EI"’% primary energy demand.




Case 1: No Interregional H2 Tradlng Global

Production Pathways: afyr
* Includes US, select z
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Case 1: No Interregional H2 Tradlng Global

GHG emissions from tonne_CO2/yr
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over time as: o
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Case 1: No Interregional H2 Tradlng

ropean Results

ka/yr Delivered H2 prices in 2050 ($/GJ)
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* Shows H2 production by country and prices for delivered hydrogen
(each country produces just enough H2 for domestic use)

* For example, Germany’s cost is 40.23 $/GJ; delivered H2 from
France to Germany would cost 69.74 $/GJ (costs shown in 2050)
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Case 1: No Interregional HZ Trading,
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Hydrogen Pathways
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In the early years, hydrogen is produced using onsite natural gas
reformation. The share produced from natural gas levels declines after
2035 as onshore wind, biomass, coal, and hydro capture market share
as their costs drop relative to natural gas.

Total hydrogen demand reaches 8.3 billion kg H,/year by 2050,

equivalent to 165 million barrels of oil per year.
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Case 2: Interreglonal tradlng and 100 $/ton

kafyr

Ged—r

389

Hydrogen Prouction by Pathway

0ed
Jan 01, 2015 Jan 01, 2025 Jan 01, 2035 Jan 01, 2045

Hydrogen Pathways

* The inclusion of a price on CO, drives out the use of coal gasification in
favor of biomass gasification. Greenhouse gas emissions are further
reduced by the elimination of coal gasification; emissions are 44%
below 2015 levels by 2050.

« Each country still produces their own hydrogen. With higher natural gas

- prices or higher CO2 prices, begin seeing movements of H2 between

i) fona regions. 17
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Example of Country-Specific Res____l_t,_:

kafyr kg/yr
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Production pathways for Germany Production pathways for Germany
(Scenario 1). (Scenario 2).
Hydrogen Pathways

* The inclusion of a price on CO, drives out the use of coal gasification
seen in Scenario 1 in favor of biomass gasification.

* Greenhouse gas emissions are further reduced by the elimination of
coal gasification; emissions are 44% below 2015 levels by 2050.
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Example of Country-Specific Results:

Feedstock Distribution GHG Tax
P e
y 4 N\
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H2 Production costs for Germany H2 Production costs for Germany
(Scenario 1). (Scenario 2).

Hydrogen Pathways

* The inclusion of a price on CO, drives out the use of coal gasification
seen in Scenario 1 in favor of biomass gasification.

* Greenhouse gas emissions are further reduced by the elimination of
coal gasification; emissions are 44% below 2015 levels by 2050.

 Germany says they will not use CCS technologies, so set arbitrarily high
. so not part of the solution.
Fin Nt
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xample of Sensitivity Analysis
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Production pathways for Germany Sensitivity Analysis for Germany,
(Scenario 2). Scenario 2: Biomass 20% more costly.

Hydrogen Pathways

* Results are very sensitive to assumptions about the price of the
biomass resource. GPAT allows the user to easily test these
sensitivities.

* A 20% increase in the assumed price of biomass results in a solution
where natural gas captures the market share not required to come from
| renewables.
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GHG Emissions from Light-Duty Vehicles in Europe
1.0E+09

9.0E+08

8.0E+08 \ ==No FCEV

A ===Scenario 1
~~~Scenario 2
=200 S/t CO2 Price
===20% RFS

7.0E+08

tCO2e/year

6.0E+08
Lower Distribution Costs

5.0E+08

4.0E+08
2015 2020 2025 2030 2035 2040 2045 2050

« GHG emissions will decrease even without the introduction of FCEVs as fuel
efficiencies improve.

* The introduction of FCEVs can result in significant additional reductions,
especially if countries require a certain percentage of the hydrogen be produced
from renewable sources.

 Emissions plateau as the 40% market share is achieved. Achieving further
decarbonization could be achieved with a larger scale introduction of FCEVs or
other non-CO2 emitting vehicle options.
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Cou nt Spec_ifi_ Results_:__ U.S e
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® Backstop_production

= Muclear Central

= Hydro_Central

= Coal_Cenmal

= NG_Central SMR
Biomass, _ Central

m Solar_Thermal Central

® Solar PV Central

m Coal_Central CCS
Offshore_Wind Electro

= Onzhore_Wind Electo
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Production pathways for U.S.
(Scenario 1)

Hydrogen Pathways

Production pathways for U.S.
(Scenario 2)

 The United States is modeled by sub-region, with results available at
either the regional or aggregate level. Aggregate results shown here.

* Without higher gas prices or carbon prices, low-cost natural gas is used
for hydrogen productions (Scenario 1).

« Carbon taxes lead to increased role of biomass gasification (Scenario

2).
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Country specific results: J
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The Japanese included option of long-distance transport of H2
produced using brown coal gasification with CCS in Australia.

Japanese provided estimates for Australian production and shipping

by ship.

This option becomes the least-cost option after 2025 for Japan, even
with CO2 taxes as they assume a 95% carbon capture and

sequestration rate.
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Lessons Learned

Large number of potential pathways for providing hydrogen to
fuel significant HFCV fleet: resources are not the limiting factor.

Global Pathways Analysis Tool (GPAT) is a powerful discussion
tool, providing insight about possible pathways.

Every country has identified multiple options for producing
hydrogen domestically.

Distribution costs an important consideration — costly to move
H2 between countries or even long distance within countries.

CO2 policies/prices will have large impact but in a low natural
gas price world, takes a large CO2 price to drastically change
results.
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