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Technology Overview

Description of technology

» Hydrogen is a combustible gas that can substitute for natural gas in
nearly all industrial heating applications
Green hydrogen production has no CO, emissions, and hydrogen
combustion produces only water vapor and heat
This analysis only considers hydrogen produced using renewable energy
(green hydrogen via electrolysis), since other hydrogen production
methods emit CO, and are non-renewable (i.e., blue and grey H,).
Currently, hydrogen is primarily used as feedstock in the chemicals and
petroleum refining industries (e.g., ammonia production, hydrocracking)

Types of equipment

« Most gas combustion equipment can switch to hydrogen as a fuel with
relatively minor equipment modifications. Hydrogen catalyzed equipment
are new technologies that provide lower temperature heat via flameless
combustion at high efficiencies.

Hydrogen furnaces! Hydrogen combustion boilers2  Hydrogen catalyzed boilers?

Note: Example equipment not exhaustive

1. Thermal Technology LLC Hydrogen Furnace; 2. Bosch Hydrogen-ready Boiler; 3.
Giacomini hydrogen-powered catalytic boiler

Technical characteristics

Temperature range: Up to 2,100 °C
» Meets the highest temperature industrial heating applications
» Likely applicable but not ideal heat source for lower temperature
applications due to availability of alternatives heating technologies
Heat flux: High
« Similar heat transfer characteristics to natural gas combustion
except for lower radiative heat transfer due to lack of soot
particulate production
Heated materials: Most materials are applicable
» Hydrogen combustion eliminates potential contamination of
heated materials with fuel particulates or combustion flue gases

Emissions: Near zero emissions relative to natural gas combustion if
hydrogen is produced using renewable electricity
« If hydrogen is produced by electrolysis using grid electricity,
hydrogen combustion will decrease emissions inonly a handful of
states today, and increases to around half of states by 2030

Technical maturity: Low to medium maturity
» Combustion of hydrogen as a minor constituent within fuel gas
blends is widespread in refineries and chemical plants today
» Pure hydrogen combustion is not deployed commercially beyond
pilot and demonstration projects
» Hydrogen catalyzed heating is a nascent technology



Hydrogen can provide industrial heating for all sectors and

applications except for steelmaking

Key properties of RNG
combustion heating include:

These properties alignwith
requirements for several

process heating applications.
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Industry : N
Process Heating Applications

Sector g App
Refineries Distillation
Chemicals Distillation Drying

o . Basic oxygen Blast

Iron & steel Pelletization ~ Hot rolling furnace furnace
Food Drying Pasteurizing Boiling Sterilizing Washing Cooking
Paper Stock Drvin Wood Evap. & Lime

P steaming ying processing chem. prep. calcination

Pre-heating & . . Kiln
Cement treating - Forming Annealing combustion

Not applicable ~ Potentially applicable _

Relevant Equipment

Boiler, process heater

Boiler, process heater, furnace,
air heater

Boiler, furnace
Air heater, boiler, oven
Air heater, boiler, oven, furnace

Furnace



Currently, H, combustion heating W S—
IS not widely deployed in the US i O

» Hydrogen combustion heating, particularly using pure hydrogen, is not used today and has » Potentially viable and applicable deployment of
significantly higher cost relative to natural gas. hydrogen combustion industrial heating include:

» However, hydrogen combustion may have enormous industrial thermal decarbonization e Industry sectors

potential. A combination of factors may make it attractive, including: -
mm Cement,
« Government incentives — primarily from the Inflation Reduction Act

A Iron and steel making,
@ Hydrogen production tax credit (PTC) and investment tax credits (ITC) has the

potential to reduce costs by 50-70% and cost competitive with natural gas E Refining and chemicals

» Broad applicability for industrial heating » Regions

Able to reach highest required temperatures (e.g., chemical reactors, cement @ Future H, hubs
kilns)
« Other potential application (partial

@ Meets stringent particulate emissions standards decarbonization)
» Long-term sustainable net-zero fuel @ Blending (up to 15% H,) into
natural gas network
@ Only supply constraint is quantity of available renewable electricity

@ Low supply potential of other zero emissions fuels (e.g., RNG)
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» Electrolyzers located near renewable
energy resources produce hydrogen
to be distributed to a network of local
or regional consumers

« Nearby renewable electricity or grid
electricity used to power hydrogen
electrolyzers

» Likely not economically viable in the
short and medium term e Hubs in planning or development

stages across US and Europe

Examined in this fact base



Central hubs are cost advantaged compared to onsite

hydrogen production

Adding additional
demand sites to the hub
decreases cost through
returns to scale

Hubs can tap into off-grid or
wholesale electricity, which is
much cheaper relative to retail
industrial electricity. This can
potentially lead to lower costs of
from green hydrogen combustion
heating compared with electric
resistance heating.

Returns to scale in
production & storage
decreases costs

Distribution Network




DOE identified 9 potential regional hubs for clean hydrogen

production to accelerate decarbonization across sectors and

geographies

Pacific Northwest

Port communities
Tribal communities
Extensive renewables
8 jobs per $1M invested in H2

Diverse populations
Extensive infrastructure
Emissions regulations
40,000+ jobs

.
.
.
.

Southwest

Tribal and Hispanic communities
Underutilized solar

Nuclear power

Up to 2B tonnes/yr emission
reduction potential

)

Central U.S. 7 ) [L

( Ample wind ‘ *  Major national corridors « Nuclear power « 60,000+ jobs

Geological storage
Railway transport
Nuclear resources
>630,000 tonnes/yr
CO2 reduction

Alaska and Hawaii

Extensive renewables — geothermal, solar, ocean
Backup power

Isolated communities

86,000 tonnes/yr emission reduction

New England

Offshore wind

Fishing communities

Backup power and winter heating
~120K tons CO2/year reduction

\

Appalachia

Retiring fossil plants

Mining, refining transferable skills
Carbon capture and sequestration
70,000 tons/yr H2 production

Existing infrastructure
Multiple opportunity zones
Renewable resources
1,000s of jobs

Chemical industry

Source: DOE Dec 2021 Update on Hydrogen Shot, RFI Results, and Summary of Hydrogen Provisions

The Infrastructure
Investmentand Jobs Act
(I1JA) passedin late 2021
appropriated $8 billion for
the developmentof at least
four Regional Clean
Hydrogen Hubs (H2Hubs)
across the country



Hubs centralizethe production, storage & distribution of hydrogen to
supply various current and emerging consumers of hydrogen
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Source: “The Green Tech Opportunity in Hydrogen,” BCG Publication, 2021.
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« Industry feedstockand |
then heat are identified
as priorities by DOE.

« However, feedstock !
and transport needs wil |
be fulfilled first. |

« This led our analysisto |
assume an increasing
share of H, for
industrial heat from
2030 to 2050 — starting
to 10% in 2030 and
capping at under 25%
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Hydrogen for industrial heating is likely deprioritized vs. other applications,
which may lead to strong competition for supply and increased prices
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Ammonia
Methanol Hydrocracking Supply balancing Shipping

Uncertain deployment of limited cleanH, in
refining given supply constraints (for detalils,
see refinery sector perspective)
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With Inflation Reduction Act subsidies, hydrogen prices are expected
to be competitive relative to natural gas prices today

United States Levelized Cost of Hydrogen , _
($/MMBtu, productioncostplus T&D costs)?! Lighter shades reflects range of cost uncertainty?

,_-_-_.: Production tax credit

B Green Hydrogent

2022 2025 2030 B Gie Hydrogent

Bl Fossil-derived Hydrogent

Range of end-user
natural gas prices?

| e B

11.5-16.8

-1.3-2.8

1. Lighter shade reflects pricing uncertainty regarding natural gas (lower limit $2/MMBTU, upper limit $5/MMBTU) and electricity; 2. Starts at $0.4/kg H2 for 60-75% greenhouse gas reduction
s fossil-derived hydrogen, goes up to $0.75/kg H2 for 75-85% greenhouse gas reduction; 3. US EIA May 2022
Source: BCG North America H2 Supply Model



Hydrogen prices will be reduced by government subsidies, additionally
CAPEX of hydrogen equipment is also expected to fall over the next 30 years

60 - Average US LCOH ($/MMBtu)

H, CAPEX is expected to drastically improve over next 30 years given
the high levels of government support and subsidies. While some

models show potential negative H, pricing, the market will likely NG 6%lyear growth
balance itself and establish a positive but low price for clean H,.

40 - Unsubsidized hydrogen

NG 3%l/year growth + tariff!
NG 3%/year growth

20 1 Subsidized hydrogen? NG 2%/year growth

2020 2030 2040 2050

1. Based on $51/tonne CO2 social cost of carbon; 2. Inflation Reduction Act hydrogen production tax credit and investment tax credits



Significant
advancements will be
required for green H,

to become competitive
for decarbonization of
Industrial thermal
applications

Develop Industrial players should supportand investin H,
H, hubs hubs now to secure future H, supplies
Reduced Resulting in OPEX reduction(e.g., fromwind /
power price solar reduced costs, costexemptions1)
Matured Increased electrolyzer and fuel cell efficiency
technology and scale of production, reducing CAPEX
Regulatory Aggressive emissions targets and the legislation
support to supportthem (e.g., higher CO, price)

High levels More variable renewable energy disrupting the
of VRE grid & requiring new solutions (e.g., storage)

1. E.g., Exemptions from grid fees, taxes and levies for large scale setups



Industrial heating using H2 combustion has potential for
displacing many fossil fuels if price declines are actualized,
but face several high barriers to adoption
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Able to reach highest industrial Potential cost savings with Relatively simple retrofit of gas Eliminates hazardous combustion
temperature requirements subsidies and CAPEX declines combustion equipment particulates or emissions
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Likely higher fuel costs Difficult to store and Competitive supply environment (i.e.,  Combustion system full redesign
compared to natural gas transport hydrogen chemicals feedstock, transportation) needed for certain sectors

systems in the short term



Disclaimer

This document has been prepared in good faith on the basis of information available at the date of publication without any independent
verification. The drafters do not guarantee or make any representation or warranty as to the accuracy, reliability, completeness, or currency of the
information in this document nor its usefulness in achieving any purpose. Readers are responsible for assessing the relevance and accuracy of the
content of this document. It is unreasonable for any party to rely on this document for any purpose and the drafters will not be liable for any loss,
damage, cost, or expense incurred or arising by reason of any person using or relying on information in this document. To the fullest extent
permitted by law, the drafters shall have no liability whatsoever to any party, and any person using this document hereby waives any rights and
claims it may have at any time against BCG with regard to the document. Receipt and review of this document shall be deemed agreement with
and consideration for the foregoing.

This documentis based on a primary qualitative and quantitative research. It does not provide legal, accounting, or tax advice. Parties responsible
for obtaining independent advice concerning these matters. This advice may affect the guidance in the document. Further, the drafters have made
no undertaking to update the document after the date hereof, notwithstanding that such information may become outdated or inaccurate. The
drafters have used data from various sources and assumptions provided to the drafters from other sources. The drafters have not independently
verified the data and assumptions from these sources used in these analyses. Changes in the underlying data or operating assumptions will clearly
impact the analyses and conclusions.

This documentis not intended to make or influence any recommendation and should not be construed as such by the reader or any other entity.

Apart from any use as permitted under the US Copyright Act 1975, no part may be reproduced in any form.



