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Introduction

Presenter — Jacob Cleary

¢

¢

¢

¢

¢

Product Development Engineer
* Beckett Thermal Solutions
Started as a Co-op in 2016.
* Hire full-time 2019

Aerospace Engineering Degree
 University of Cincinnati

Spent 1 year in England with Beckett
Derby working on Hydrogen Combustion

Current work involved decarbonization
within the gas industry.
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What are we talking about today?

¢ Part 1: European Market
* UK
*EU
¢ Part 2: US Market
« Government Initiatives
« US Hydrogen use sectors

¢ Part 3: 100% Hydrogen Combustion Technical P ¢
« Compared to CH4 -
* Flame Characteristics
» Safety
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Hydrogen Production

Colors of Hydrogen

Grey Blue Green
Hydrogen Hydrogen Hydrogen
Process: Proces;: : Process:
Steam Reforming SIS L Electrolysis
With Carbon Capture
Source: Source: source: l m:
Natural Gas Natural Gas Renewable {"r=>
Energies .'7'_.'
Black Pink Turquoise Yellow
Hydrogen Hydrogen Hydrogen Hydrogen

Process: Process: Process: Process:
Gasification Electrolysis Pyrolysis Electrolysis

Source: Source: e Source: Source: Y
Nuclear 5% Natural Solar 2SS
Enel’gy TI 1T Gas

G\acciona

energia
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UK Hy4Heat Program (2017-2022) > Hy4Heat

¢ Mission: “establish if it is technically
possible, safe and convenient to replace
natural gas (methane) with hydrogen in
residential and commercial buildings and
gas appliances. This will enable the
government to determine whether to
proceed to community trial.”

I+ lfi
¢ Focus on 10 individual Work Packages |
¢ Developed First-of-its-Kind heating and

cooking appliances for 100% hydrogen

 Domestic Boilers, Commercial Boilers,
Cooking, Fireplaces

6/14/2023 6
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European Efforts

chrI"IPH ny

A.PP“EH‘I:'E‘S

Certification Status

Deployments

- Hy‘drcgen HCI'TH:‘

Caombi Boailer Field Trial Certified’ . H21 HyStreet (Spadeadam)
Bosch - COP26
- Milford Haven Energy
Regular Boiler Field Trial Certified Kingdom
+ Kiwa
Combi Boiler Fully Certified® : Hy‘drcgen Home
Baxi . H21 H},-'SLreeL [Spadeadam)
o . COP26
Systern Boiler Fully Certified . Kiwa
Hob
Enertek Cwven & Grill Fully Certified + Hydrogen Home
HyCookers ! - COP26
Freestanding Cooker
Standard Fire *
Enertek Glass-Fronted B . Hydragen Home
HyFires Balanced Flue Fire Fully Certified ) Cgpfﬁ
Glass-Fronted
Caorwventional Flue Fire
Standard Fire
Clean Glass-Fronted Fu“}t Certified
Burner . COP26
Balanced Flue Fire
SY!tEml

Ir][‘O'\.'dLI'\r't‘ FI[ e

Field Trial Tested®

UK Hy4Heat Program (2017-2022)

¢

w Hy4Heat

Results: “(The Project has? been able to demonstrate
that it is technically possible, safe and convenient to
replace natural gas (methane) with hydrogen across a

wide range of appliances... 1005 .
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European Green Deal (July 2020)

;:foiirgﬁﬁwaaqf rr::]tPaTz[r:csj ;tr)gtljetctmg o;urzl;{a;tlAJrraAl Vha\blf;t\\Aml-l: b;good for :eaok;rl]g (// LOO kl n g at E n e rg y SySte m “AS
:::(:Ua::ji;.conomy No one will be left behind. a W holeu aCI"OSS m u Itiple

R e D systems, infrastructures, and
2 & . coctors of LSe

Become Protect human life, Help companies Help ensure a
climate-neutral animals and plants, become world leaders just and inclusive

by 2050 by cutting pollution ;Z:I:iirfogzggu(ls and transition (// E n e rgy EﬁIC Ie n Cy IS th e CO re Of
“The European Green Deal is our new growth strategy. th e p rog ram
It will help us cut emissions while creating jobs.”
Ursula von der Leyen, President of the European Commission . o o .
“ ; T ¢ Emphasis on Electrification
.We propose a green Ljnd./ncluswe transition to help . Residential: 40% (2030)’ 50-70% (2050)
improve people’s well-being and secure a healthy planet

@for generations to come.”  Service Sector: 65% (2030), 80%(2050)

Frans Timmermans, Executive Vice-President of the European Commission
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European Green Deal — Hydrogen Strategy (Current)

¢ 20 Key Point plan implemented in July
2020, completed in 2022

¢ 2% of EU Energy Use was hydrogen in
2022

* 96% of this hydrogen was Produced with Nat Gas
¢ By 2030, 10 million tonnes of renewable

The Hydrogen

. Accelerator hydrogen will be created, and the same
10 mio tonnes of domestic amount im ported.
bl - Hydrogen Accelerator Program
10 mio tonnes of renewable .
hydrogen imports * Promoted by Russian Energy
Independence
- ¢ European Hydrogen Bank — March 2023

¢ Renewable Hydrogen Pilot Auction in
Q3 2023

6/14/2023 9
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The Bleak Hydrogen Blending Future in Europe

¢ “The blending of hydrogen into the natural gas
system should be a last resort solution, as it is
less efficient compared to the use of using

hydrogen in its pure form and diminishes the
value of hydrogen”

« 20% Hydrogen results in 6-7% GHG
reduction at point of use.

* Increase end user gas cost in EU on average
23.8%

Josep Borrell — EU Parliament

6/14/2023 10
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The Positive Future - European hydrogen projects

((/ 3 5 5 hyd ro g e n p roj e CtS ( g H2 at end-user level @H2 production 0 H2 storage @Integrated H2 project (production, transport, use) @ New built H2 infrastructure @ Retrofitting/repurposing existing infrastructure
G=

¢ 86 retrofitting/repurposing
infrastructure projects CRIORICE

Project promoter

y

Search Labrador Sea

¢ 88 integrated projects

¢ \Whole value chain

Project maturity

Atlantic

¢ 12 Home 100% Field Trial ™ ®
In Netherlands kicked-off

B Microsaft Bing

®
RUSSIA @

CHINA.

& 2023 TomTom, © 2023 Microsoft Corporation  Tefms

Winter 2022

Retrofitting/repurposing existing infrastructure

H2 at end-user leve

Project name Project promoters  Country Timeline Project maturity Scope & goal
a
NA-MNA Project Existing natural gas CHP plants can be easily retrofitted
retrofit for the operation with hydregen by moderate costs; by
this means millions of tons of CO2 can be saved each
year
Aberdeen Vision SGN/MNG/PEDE/ United NA-NA Project The focus for the Aberdeen Vision project is the

H2 production Project DMNWVGL Kingdam

H2 storage

New built H2 infrastructure . 10
https://h2-project-visualisation-platform.entsog.eu/

rosatt
Integrated H2 project (production, transport, use) _ 85 2G's CHP fleet 2G Energy AG Germany
3

transport and use of hydrogen produced from reformed
natural gas from StFergus in North East Scotland. Outline
the possibility of using advanced hydrogen production at
St Fergus. And to discuss the technology and safety
requirements for the transportation and storage of CO2
from hydrogen production.

6/14/2023
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Current Challenges in the US

¢ Evolving Energy Ecosystem
* Decarbonization efforts
* Natural Resource Preservation
* Old Infrastructure
* Regulatory concerns
e Customer Demands

6/14/2023 13
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US Initiatives

¢ Bipartisan Infrastructure Bill
9.5 Billion Dollars Allocated
* Hydrogen Hub — 8 Billion
 Clean Hydrogen Electrolysis — 1 Billion
* Clean Hydrogen Manufacture and Recycle — 500 Million

¢ Hydrogen Earth shot
«1-1-1 initiative \

ENERGY

earthshots | Hydrogen

U.S. DEPARTMENT OF ENERCQGY /




2020-2022 2023-2025 2026—-2030 2031 and beyond

Immediate next steps  Early scale-up Diversification Broad rollout
(/Becke‘tt

Under development

THERMAL SOLUTIONS (e.g.. pilots) or early

commercialization

D Mature market

2050
= = Transportation Light-duty passenger ambitions U S
Application  * So oD |
Medium- and _ :
Use Cases o = Hydrogen
heating

Material P A

¢ Transportation B o 6 == Economy
¢ Power Generation o8 e \ S
Power (e.g.. data centers) garbon éﬂ ﬁ)

¢ Fuel for Buildings generation

and grid feedstock ~ High-
balancing i%wr:s:trial
((/ FeedStOC k Engineering heat
analysis and
pilot testing
¢ Fuel for Industry
R&D
investment
Fuel for
residential and Pilot testing
commercial
buildings
R&D
investment

and pilot testing

Feedstock for
industry and long-
distance transport Fuel for industry

6/14/2023 15
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Transportation

¢ Accounts for 1/3@ of all Carbon Emissions
(2020)
¢ FCEV vs BEV
* Longer Range
* Lower Weight
 Smaller Powertrain
 Fast(er) fueling times

e Consistent Performance Across
Temperature

* Reduced Raw Material
* Lower Emissions (Even with Gray
Hydrogen

¢ Drawback: Limited Fueling Stations Toyota Miai

6/14/2023 16
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Transportation Use Cases

¢ Heavy machinery and fleet
trucking

¢ Light, medium, and heavy-duty
trucks and buses

¢ Material handling

¢ Rall
((/ S h I p ’ ’,?;. e e ‘R\
e o i e W T

Stark Area Regional Transit Authority H2 Bus

6/14/2023 17
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Power Generation

¢ Low-carbon power grid

¢ Long-term storage capabilities
*Hydrogen as a battery

¢ Dispatchable/off grid back up
* Fuel Cell replacing generators
e Data centers use 40GW of backup

JIITITNTTYY

ECO-GH2 Fuel Cell and Linde Genie Cylinder

power
¢ Reduced transmission loses compared to
electric ity world’s largest single-

train ammonia synthesis
loop in Texas City, TX.
6/14/2023 18
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Feedstock or Reactant

¢ Ammonia and petroleum refining
¢ Accounts for 95% of current H2 use
In the United States
* 11 million metric tons

¢ Current production of this hydrogen

IS grey (Steam Reforming. No Carbon
Capture)

¢ Making switch to Low Carbon [ U Vit s s TR iy
Hydrogen |S the path forward World’s Largest Single-train Ammonia Synthesis loop In Texas City, TX.

6/14/2023 19
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Fuel for |ndUStry (Industrial Heating) 1 00/0

¢ Milling of US Carbon Emissions

* Paper mills, pulp mills, corn
milling, starch, corn gluten
feed, corn meal, corn oill.

* [ron and Steel

¢ Chemical Manufacturing

* Ethly alcohol, petrochemical
¢ Mining

 Limestone, cement

Preferred Utilities MFG Corporation

6/14/2023 20
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N [V R =T

kWh/m3  3.54 11.24 Risk Assessment
NCV kWh/m"3  2.995 10.13 ¢ Similar Wobbe
Lower Wobbe KWhm3  11.359 13.37 * H2 Slightly Lower
Higher Wobbe kWh/m"3  13.427 14.82 ¢ Higher flame s_peed (7 time_s compared to CH4)
Ew— - 0.0695 0.0575 » Deflagration -> detonation
: : : * Flashback
Lower ignition limit Vol.-% 4.1 4

* Increased flame stability

Higher ignition limit Vol.% 75 15 . .
N ¢ Ignition behaviour
Air requirement m”3/m"3 2.38 9.71 . . . ..
* Widening of ignition limit
Ignition temperature °C 510 537 .- ..
* Ignition temperature similar
Ignition delay time ms 0.04613 46.16 . L
o ¢ Very different min. ignition energy
Min. ignition energy mJ 0.017 0.30 . . .
 Electrostatic discharge, metal slashing blower wheel, etc
Flame velocity cm/s 200 38.39
o ¢ Combination of high reactivity, wider ignition limits and lower
Flame temperature C 2100 1950 |gn|t|on energy needs care
Diffusion coefficient m”~2/s 6.84*10"-5 1.9*10"5
¢ Ignition delay time 1/1000
Quenching distance mm 0.64 2.4

* Relevant for small mixture %
¢ Flame detection (sensors :UV or temp, no ionisation)
¢ Heat transfer : only convection, no radiation

© 2022 by Beckett Th [ Solutions - All right d.
y Becke ermal Solutions rights reserve 6/14/2023 22
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Basics of Hydrogen Combustion

The Basics on H2 / NG admixtures
Characteristics

Relative density: d =

Pn,fuel

Pn,air

* dpix=(1- x)dCH4 +Xx dHZ mg
=
GCV: gross calorific value in volumetric terms %
=
* GV =(1—x)GCVcy, +x GCVy, 5
©)
Wobbe Index (superior): WI = %
GCV ix
° Wobbemix: m

The Wobbe Index expresses fuel
interchangeability. Two gases with the same WI
will release same amount of heat (const = p,
const = nozzle diameter)

These assumptions are usually valid for
residential appliances

60

50

40

30

20

10

GCVmix

Ad ~ —87.5%

Wobbem|x

/dmix

04 0.6
X (Hz admixture concentration)

AGCV = —67.9%

0.6

0.5

0.4

0.3

xiwp

0.2

0.1

0.8 1.0

AWI = 9.5%
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Adiabatic flame temperature .eiscpam=way =

* ATadiabaticz 1SOOC or 3020F :1800
o AT, 4iapatic 1S ONly dependent on
« composition of fuel and oxidizer, £
* @ standard conditions Ehe

—e—CH4 —8—50% CH4 /50 % H2 H2
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NOX Formation comparison

Doubling Point

2120
¢ Thermal NOx Is a function of -
flame temperature © 5080
 Exponential increase £ J060
 Dramatic rise after 1530C gmo
¢ NOX rate doubles every < 200
90K/C after 1927C
https://lwww.afs.enea.it/project/neptunius/docs/fluent/html/th/node210.htm ‘g 1980
Reminder (:g 1960
H2 = 2100 C °
CH4 = 1950C o
1920
0 10 20 30 40 50 60 70 80 90 100
Nat Gas H, concentration [vol.-%] Pure H2

10/02/2021 25
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Basics of Hydrogen Combustion

NOx and CO emissions

« With increasing H2 concentration at a
given A

the NO, values increase
the CO values decrease

o Attention

In pneumatic systems lambda is increasing and
thus NOX is decreasing

« 100% hydro%en appliances work at

Vo)

cally higher air fuel ratio A. Allowing
emission to be low

Emission

In a real combustion system,
CO emissions will increase with

higher air excess ratios! \
®——p.

0,8 1 1,2 1,4 1,6 1,8 2 2,2

air excess ratio A

—— NO (100 % CH4) -o~-C0 (100 3% CH4)
NO (70 % CH4 / 30 % H2) -#=-C0 (70 % CH4 / 30 % H2)
—e—NO (50 % CH4 / 50 % H2) - ®=-C0O(50% CH4/50% H2)

—ea— N0 (100 %6 H2)
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L aminar combustion velocities

* The laminar combustion velocity =
s; Indicates how fast a flame front
will propagate into a resting fuel/air =
mixture o

» Flame stabilization strongly
dependent on s;

* s, depends on composition of fuel : '@\

and oxidizer, mixture temperature, T T T T,
pressure and fuel alr ratlo ¢ p— 1//1 —e—CH4 70% CH4 /30% H2 —@—50% CH4 / 50% H2 H2

100
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CO2 reduction in H2 admixture

* The reduction in CO2 emissions Is
not linear with increasing H2
percentage S

At admixtures lower 30% the CO2 ¢
reduction 1s about 1/3 of the H2
concentration .

0 10 20 30 40 50 60 70 80 90 100

o Zero Carbon emiSSionS at 100% H, concentration in vol.-%
hydrogen

aCH;+bH,+XA0,+X3.76 AN, ——->aCO,+ (2a+b)H,0+ Xx(A-1)O0,+ X3.76 AN,
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Pre fan mix

SSSSSS

electronic feedback
____________________________
E Cfa—'_ burner
i
; pneumatic fb / ® S e n S O r

Mixing and sensing system,

= [ TI _ﬂ_ - _'tm - Flame safety , gas adaptive system
| valve « Temperature, UV, pressure [Pneumatic or transducer]
D ¢ . * 0-30% H2 admixture
ost tan mix * Mostly pre fan mix
clectronic fesdback , , , , “ « Same burner design as for NG
T — + 100% H2
e « Both pre and post fan

« Post fan reduces flashback damage risk

« Minimizes volume of combustible mixture




(/Beckett Hydrogen Safety Parameters

rogen as a fuel?

How Safe is Hyd

»

M : " — - —
Ny 9 : T "1 PRSI o T el . - <
e > & - - s Ty o WA e Y e :
- - & ” - - ? &.‘ ..:‘t'w'

¢ Hydrogen has a built in Safety Feature: It's ability to rapidly dissipate

¢ Hydrogen has a bad rap of being dangerous. But so is Natural gas... When
used incorrectly.

6/14/2023
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Every Hydrogen use case danger can be designed out

¢ Hydrogen dissipates in free air at 20mph vertically.
| _eaks Dissipate past UEL very quickly and will be hard to ignite.

¢ Labs are designed with ample ventilation at the top of the lab.
¢ Post Fan Mixing to limit flashback damage.
¢ Odorants will be mixed to account for being an odorless gas.

6/14/2023 31
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What About Tanks?

Fhooron FASTCAM SAS model

30000 fpe 1/30000 sec 640 % 376
Menual 11895 frame : —5539 —-0000:00.184633
Date - 2011/9/15 Time : 1608 CAW 21

32
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What About Tanks?

33
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Flashback boundary layer captured with a UV camera.

(I have an alternative Video Showing Full System FlashBack)

34
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? Beckett H, 100% - CFD

e et e S VY
3

Temperatura Frazione in massa H,

- [ 7.982e-03

3.991e-03
Minima altezza flamma 2.5mm

0.000e+00

Ap =157 Pa

CFD
* Port pattern
« Flame stability 17130005
* Flashback "

' 7.710e+02
3.000e+02

[K]

’ Temperatura

Frazione in massa H,

1.263e-02

8.421e-03

4.211e-03

A 0.000¢+00
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SkKW A-1.6 24 KW A-1.3
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100% Hydrogen

5KW =17060 BTU/hr

24KW = 81,888 BTU/hr

6/14/2023 37
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European Efforts

UK 10 Point Plan (November 2020)

Point 1
Advancing Offshore Wind

Point 2
Driving the Growth of Low Carbon Hydrogen

Point 3
Delivering New and Advanced Nuclear Power

.. Point 4
H® Accelerating the Shift to Zero Emission Vehicles

-y Point 5
A5 Green Public Transport, Cycling and Walking

v

atii3

©Ges

Point 6
Jet Zero and Green Ships

Point 7 Point 2

Greener Buildings

¢

Point 8
Investing in Carbon Capture, Usage and Storage ¢

Point 9 ¢
Protecting Our Natural Environment

Point 10
Green Finance and Innovation

5GW by 2030 goal

Introduce a hydrogen blend
to reduce emissions by 7%

Support 100,000 Jobs by
2050

6/14/2023 40
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F It fo r 55 ° P Climite Zocial » &
¢ Policies for reducing net greenhouse gas o e read e 9—— o ek
L 0 : : justm
emissions by at least 55% by 2030 (compared to and buldings /) rmissions Mechenism
19 90) , . » o o v ity I <
. LR o ' \ -—na.:m,mn 2. I/' - \
¢ Demand & production of renewable and low carbon - cgandtﬂiid e Erepgnuna 4O
gases including hydrogen TN ey /7 nEa
. ) . Regulaton / 20) %0 \ ‘ Erar
¢ Emission Trading System (ETS) € Dot »—« cumare p—« oo
« Puts a price on carbon (24-113 EUR/kg of CO2 emissionin 2021) . ) TARGETS A
. - ® & FooningtiRy < Ener. > »
¢ Renewable Energy Directive (RED) oo\ P S e
» Target to produce 40% of EU energy from renewable sources by 2030. =S > .*” i » p & iy
.. . . . ' Infrastructure e 5 \\y
¢ Energy Efficiency Directive (EED) i 0\ e LSS
« Setannual target for reducing energy use at EU level « H‘;‘:;J # fztacr;?gr::d />- « mut:z » o
* Requiring average emissions of new cars to come down : vans / ceFodEll
* by 55% from 2030 and 100% from 2035 * ~« Aviaion 9 “
« Charging / fueling station: electric (60km) - hydrogen (150km) iatie
¢ Alternative Fuel Infastruture (Inc. H2) agreed on
M arl. 2 O 2 3 ifeitiomsshoissiaabafarain- bovio oottt

Source: European Union, 2021.

6/14/2023 41
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A variation with differentcombustion controls in H2 admixtures ()

Pneumatic systems (air flow = const. ; p = const.)

airy; Ami
° )lmix — airmm,CH4 dmlx ACHA]- 1.6 10
min,mix CH4 .
T?“'" const. air flow - const. gas flow
1.5 i 9
« Combustion control systems » .
¢ Anix = Acna .
pneumatic valve
1.3 7 ®
e Airfl ; gas fl : ) )
ir flow = const. as flow = const. >
» 9 < 1.2 * air flow - const. firing rat 6 3
. 1 — YrmincHs 4 X const. air flow - const. firing rate | o
mx Airmin mix CHA < 11 5 30:
. Air flow = const. ; firing rate = const. 1.0 v 4
constant A
0.9 3
0.8 2
0 0.2 0.4 0.6 0.8 1.0

X (H2 admixture concentration)
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Burner technology for hydrogen admixture (0-100%) .,

Quenching distance

Diffusive flame Premix flame «  CH4: §=24mm
H2: 6 = 0.64 mm

Auto ignition temperature
CH4: T =537 °C
H2: T =510 °C

- A A A

Minimum ignition energy
CH4: E =03mJ/
H2: E = 0.017 mJ

Flammability limit
CH4: LFL —UFL (vol.%) 5.3 —15
H2: LFL —UFL (vol.%) 4.1—75
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Stability diagram — typical for 100% H2 .

Tool to define working range for gas
combustion burner

Operational working range defined by Q.,in,
Qmax» Amiru Amax

o Left / bottom corner: limitto flashback
* Right / bottom corner: lift off

Typical lambda values for 100% H2
o Anin=1.1, Lax=1.9, Ayom=1.3-1.4

air/fuel ratio lambda

—
©

-t
~

—
o

—
w

—k
—k

limit through fan

operational
working area

lift-off

flasback

Qmin Qmax
input power
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