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Road to Decarbonization *and%echmﬁogy

*  Global Bfort: UNCoordination to manage Greenhouse Gases (GH3s). Avong
GHGs, Carbon Diaxide (C0,) and Methane (CH,) are two key gases (atmospheric
concentrations are 420 ppmand 1.7 ppm respectively). Hwever, CH, isup to
84 times (over 20-year period ) more patent than CO..

» (0, Management. Thereis need nat anly to reduce future CO, concentrations;,
we need to reduce existingatmospheric 002 by recycling- Uilization. The
challengeis that over 70% of the C0, emissions are locked inthe existing
Infrastructure.

* LhitedStatesGoal. Achieve net zerocarbon by 2050 by substituting renewable
energy sources for fossil fuels. Inflation Reduction Act (IRA) included funding
far thiseffart. [Close to $10 hillion for H, alone]

1 DOEGoal tomake H, competitive [111]
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Effect of current pledges and policies

Global greenhouse gas emissions

Gigatons of
carbon dioxide Projections
150
No climate
policies
4.1-4.8°C
100
Current
policies
- 3:1-3.7°C
Pledges
2.6-3.2°C
Historical
emissions
0

[ | [ | I !
2000 2020 2040 2060 2080 2100

Source: Climate Action Tracker lﬁx
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US Energy Picture

U.S. energy consumption by source and sector, 2021
quadrillion British thermal units (Btu)

sources end-use sector®

percentage of sources percentage of sectors

205
4%

(36%)

industrial
259
(35%)
natural gas
.3
e
{32%) residential

11.6 (16%)

renewable energy
12.2 (12%)

total = 73.5

coal quadrillion Btu
10.5 (11%) electric power sector”
;ﬂ;ﬁ;’] . electricity retail sales
total = 67 3 : 12.9 (35%)
quadrillion Btu
Z—
total = 36.7 quadillion Btu Cla

Sources: U.S. Energy Information Administration (EIA), Monthly Energy Review (April ® The electric power sector includes electricity-only and combined-heat-and-power (CHP)
2022), Tables 1.3 and 2.1-2.6. plants whose primary business is to sell electricity, or electricity and heat, to the public.
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Renewable Energy- Output Variability Issue
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Source: CAISO 2019

Figure. Seasonal variation of wind and solar output in California, 2018
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oy Nearly
70kilowatt-hours —
of electricity at a power plant H
general ted by residual fuel.

Lol

About

four pounds
of charcoal briquettes.

-
Liquefied gases,
such as propane, to fill

Gasoline to drive a medium-sized car
(17 miles per gallon) for more than

280 miles

small (14.1-ounce) cylinders for home,
camping or workshop use.

« Typical natural gas fired plant = 500 MW =16 Tonnes H2
« 1Barrel of Oil = 1,700 kilowatt-hours

(kWh) of energy

* 3 KW Sdar system=81004h batteries

e Wndmill : 25 - 3 megawatts can produce in excess

of 6 million KAR every year. Need 200 windmills

 Energy variability and low energy density are two key challengesto implement
renewables sources.
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Scale is relativeto H/C

- HIC = 4 (NG)

H/C ~ 2(Petroleum)
H/C <1 (Coal)
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Decarbonization: Gaseous Pathways
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Power-to-Gas
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g Hydrogen
O RNG Blending
Thermal
Gasification
RNG
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Digestion
I I ]
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Development Stage
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Gas d, Kg/m3 B.pt.,oC
CH4 0.657 - 160
H2 0.08375 - 252.9
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ENERGY STORAGE TECHNOLOGIES

Power-to-gas is efficient | long term | low energy cost

Pumped
o Storage

J. Power-to-Gas
Hydrogen

Discharge Time (H) se—

Storage -r




U.S. DOE Hydrogen@Scale Program

@ @Scdle.

U.S. Department of Energy

Conventional Storage Hydrogen

Vehicle
ﬂ Synthetic
)
Fuels
Soyze ENEE DR

"~y wpgrading
Oil/
Biomass

Renewables

Ammonia/
Fertilizer

Hydrogen
Generation

Metals

Electric Grid Refining

Infrastructure

Other
End Use

Heating

Gas
Infrastructure

https://www.energy.gov/eere/fuelcells/h2scale

Large-scale, low-cost H2
from diverse domestic
sources

Materials innovations are
key to enhancing
performance, durability, and
cost of hydrogen generation,
storage, distribution, and
utilization technologies key
to H2@Scale
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Cost Comparison: Batteries vs P26 Tnstitute o
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Zn-Br flow 2030

Pumped hydro (lower cost) 2017
Li-ion 2030

Power-to-gas 2017

Pumped hydro (higher cost) 2017
Li-ion 2017

Advanced lead acid 2030

In-Br flow 2017

Advanced lead acid 2017

0 200 400 600 800 1000
SA/MWh

Figure 8: Indicative levelised cost of energy storage for bulk energy storage by technology
(SA/MWh)

Note: Only those batteries where sufficient evidence exists of future trends have been included in this figure. The assumed
electricity price is SA100/MWh. A full list of input assumptions used to calculate the levelised cost of energy is provided at
Appendix 2.



Hydrogen Production: Market and Scale-up

Fossil fuels based: Hycrogen Production as % of Ttal Metrc Tornes
1. Oxidation Renewables

2. Gasification |
3. Steam methane reforming
(SMR)

e Grey H2

« Blue H2 (with CCS)

* Electrolysis (Green H2)

Fossil Based
Production

Renewable
B Natural Gas
B oil
Coal Gasification

Challenges:
« Market volume, MT/Yr: 60 (2017) to 650 in 2050

 USD: 1 Trillion
* Production, Storage, Transport = Institute of

Gas Innovation
and Technology

AT STONY BROOK UNIVERSITY



https://rmi.org/wp-content/uploads/2019/08/hydrogen-chart.png
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Electrolyzer Purification Unit H, Storage unit
4 Nm3/hr Humidity Control

1. Electrolyzer: Novel Membranes/Heat Management; novel wastewater as feed
2. Purification Unit: Membrane H2-water vapor separation

3. Hydrogen Storage-

3a. Absorption/Desorption kinetics in metal hydrides

3b. Methanol synthesis- Liquid energy carrier

3c. Renewable methane from CO2-H2.

4. Fuel Cell- Membranes /Catalyst/Heat Management

5. P2G Unit integration- HEAT Management



Hydrogen Storage Options
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Physical-based

rogen stored:

Material-based

Cold/Cryo
Compressed

Compressed
Gas

Liquid Interstitial Complex

Adsabant organic hydride hydride

Ex. MOF-5 Ex. BN-methyl Ex. LaNigH, Ex. NaAIH4
cyclopentane e -V o f-

45# :& B .8 t t b
| e¥ae
U.S. DOE Q& 45; ,
- O=H @=A D= @-=

= H,accessible
‘surface

Chemical

hydrogen

Ex. NH3BH,

|

H @=N J=B
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Renet al., IJHE 42 (1), 289-311(2017)

Physical
Storage
1 bar 150 bar 350 bar 700 bar liquid H,
normal lab cylinders Gen 1 vehicles Gen 2 vehicles 719 H,/L
0.3g/L 10 g/L 28 g/l 40g/L @ 20K
Reference
Materials ANA b
-based ;{ ‘v: \Qq"
Storage hd i &
VY ;:—;
interstial hydrides complex hydrides  chemical storage sorbents water

~100-150g H/L  ~70-150gH/L  ~70-150 g H,lL STOgHJL  111gH,L
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* Ahighly integrated network- 3 million miles of main and other
pipelines.

 Delivered 28.3 Tcf gas in 2019.

« Replacement value of outdated pipeline: $570 billion.

4 Can we repurpose this infrastructure for H,?

' ”“"’P" ! Data, courtesy of:
o SPE

W/
f"""

*—r : kh‘:’
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Sample Testing Plan

Sample
Preparation

J\

_l/

Test Unit

Sample
Transfer

Mapping and
Data Analysis

= =

Modeling

Outcome:

. Sample
Characterization Storage
|

<L
UNIT

ThINC

CFN/NSLS-II

Data mapping to establish pipeline lifetime based on pipe integrity
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Hydrogen in Natural Gas Pipelines

1) Samples, 2) Sample preparation, 3) Treatment with
hydrogen, 4) Sample Storage

» Characterization of Pipeline Sanples

Faalities at AER’I'Q/B\L Measure bath Physical and Chemical effects of hydrogen.



Institute o
~ Gas Innovation

Testing Techniques and Standards and Technolog

Hydrogen Pressure

None Low High

Hydrogen Hold None Reference Material
time

Structural Characterization | Mechanical Characterization
(SBU/CFN) (SBU/Sandia)

Low SEM Stress-Strain (ASTM ES8)
TEM Fracture Toughness (ASTM
XRD E399)

High XPS Hardness

Fatigue (ASTM E466, E647)




CH4-H2 Blends in Gas Pipelines - A Review

energies

Review

Hydrogen Blending in Gas Pipeline Networks—A Review

Devinder Mahajan *{, Kun Tan !, T. Venkatesh !, Pradheep Kileti > and Clive R. Clayton !

Department of Materials Science and Chemical Engineering, Stony Brook University and Institute of Gas
Innovation and Technology, Advanced Energy Research and Technology Center, Stony Brook, NY 11794, USA;
kun.tan@stonybrook.edu (K.T.); t.venkatesh@stonybrook.edu (T.V.); clive.clayton@stonybrook.edu (C.R.C.)
2 Gas Asset Management and Engineering, National Grid, Melville, NY 11747, USA;
pradheep.kileti@nationalgrid.com

Correspondence: devinder.mahajan@stonybrook.edu

Abstract: Replacing fossil fuels with non-carbon fuels is an important step towards reaching the
ultimate goal of carbon neutrality. Instead of moving directly from the current natural gas energy
systems to pure hydrogen, an incremental blending of hydrogen with natural gas could provide a
seamless transition and minimize disruptions in power and heating source distribution to the public.
Academic institutions, industry, and governments globally, are supporting research, development and
deployment of hydrogen blending projects such as HyDeploy, GRHYD, THyGA, HyBlend, and others
which are all seeking to develop efficient pathways to meet the carbon reduction goal in coming
decades. There is an understanding that successful commercialization of hydrogen blending requires
both scientific advances and favorable techno-economic analysis. Ongoing studies are focused on
understanding how the properties of methane-hydrogen mixtures such as density, viscosity, phase
interactions, and energy densities impact large-scale transportation via pipeline networks and end-
use applications such as in modified engines, oven burners, boilers, stoves, and fuel cells. The



NSF DMREF Project - Goals and Outcomes

* Review hydrogen blending projects

 Conduct techno-economic analysis of blended gas flow in pipelines

« Advance fundamental knowledge of crack tip processes that control damage
accumulation and propagation under fatigue loading

Outcomes:

* Framework for assessing energy costs for transporting blended gases

« Multi-scale model for hydrogen effects on fatigue evolutionin ferritic steels

* Engineering roadmaps for life prediction and nsk assessment for hydrogen
storage and transport structures



Techno-Economic Analysis for CH4-H2 Blends

MRS Advances
https://doi.org/10.1557/s43580-022-00243-0
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Computational fluid dynamic modeling of methane-hydrogen mixture
transportation in pipelines: estimating energy costs

KunTan'2. Devinder Mahajan' - T. A. Venkatesh'-2

Received: 3 January 2022 / Accepted: 15 February 2022
© The Author(s), under exclusive licence to The Materials Research Society 2022

Abstract

Replacing fossil fuels and natural gas with alternative fuels like hydrogen is an important step toward the goal of reach-
ing a carbon neutral economy. As an important intermediate step toward utilizing pure hydrogen, blending hydrogen in an
existing natural gas network is a potential choice for reducing carbon emissions. A computational fluid dynamic model is
developed to quantify frictional losses and energy efficiency of transport of methane-hydrogen blends across straight pipe
sections. It is observed that, in general, an increase in the energy costs is expected when hydrogen, with its lower density,
is transported along with methane (which has higher density) in various blend ratios. However, the amount of increase in
energy costs depends on the volume fraction of hydrogen and the nature of the flow conditions. The lowest energy costs are
projected for transporting pure hydrogen under the conditions where the inlet velocity flow rates are similar to that used for
transporting pure methane while the highest energy costs are expected when hydrogen is transported at the same mass flow
rate as methane.



CFD Model for the Flow of CH4-H2 Blends

Materials Element Size # of Elements Inflation Layers
Transmission 20”1l 39 mm 484027 7

Distribution 6” [ 12 mm 476965 7

Household et 1.15 mm 487363 7

6” Pipe
Gathering Lines
20” Pipe

Processing

&
<

Transmission Lines

v

City Gate

v
£ Lna

i
WD ]

= =D

i

I
e
A %)

amo L0 0003 [rrem}

F.5% §H5.55

[1] http://Inaturalgas.org/naturalgas/transport/
[2] https:/mww.aga.org/natural-gas/delivery/how-does-the-natural-gas-delivery-system-work-/
[3] https:/finspectapedia.com/plumbing/Gas_Pipe_Specifications.php



Flow Characteristics of CH4 - H2 Blends

Inlet Outlet

16 m




Energy Costs Due to Pipe Roughness

7.00E-05

, . Constant Energy Flow Rate
Materials Surface Roughness 6.00E-05 |
’ 5 —e— Cast Iron
Cast Iron 259 um - SS
500E-05 [ _, pg
"£4.00E-05 |
= :
Polyethylene (PE) S5um (13.00E-05 :
2.00E-05 |
1.20E-04 r
. Constant Mass Flow Rate L.OOE-05
1.00E-04 | 000E+00 B o v v v o
[ e Cast Iron 0 20 40 60 80 100
8.00E-05 | ss H, PERCENTAGE IN CH,/H, MIXTURE, %
760005 | - PE Ve Constant Inlet Velocity
— 6.00E-06 —e—Cast Iron
U4 00E-05
H [ 5.00E-06 S5
i —o—PE
200E-05 1 "4.00E-06
[ =
0.00E+00 S EGB'OOE'OG
0 20 40 60 80 100
H, PERCENTAGE IN CH,/H, MIXTURE, % 2.00E-06
1.00E-06

« (Gas transportation in cast iron which
has the highest surface roughness 0.00E+00
will incur the highest energy cost.

0 20 40 60 80 100
H, PERCENTAGE IN CH,/H, MIXTURE, %




Metal Samples Inventory




Plastic Samples Inventory

DA 6A /A B8A 9A 10A 11A 12A 13A
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Pipe samples characterization

\
Chemical <—L> Structural_'

XPS, EDS in-situ or ex-situ EM, XRD,
AFM \
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. . . :r.-: | |
Pipe samples characterization o] Rt 0225
Chemical < ‘ > Structural " R
XPS, EDS in-situ o ex-situ EM, XRD, ‘&t &3 EEEaETL )

: I - . | . v r : . P : . {
AFM 1200 00 &O0 300 a
}
Ne » g% R R L ) & 38 S )
| > 3

Binding Energy (eWV)

; p— Element Weight %

Cc 6.72

0] 20.70

71.22

. i Fe
(] ‘ pSI “ Others 1.36




XPS Data- Before and After e B retion
H2 Exposure (#8) and Technology

XPS Survey — before and after
100 psi H,

x 10%

CPS

Before

After 100 psi H,

| I | | I | | I | | I | |
1200 900 600 300 0 (@weeks)
Binding Energy (eV)



Atomic Force Microscopy Data for H2

exposed HDPE Samples

No significant changes in the surface crystalline
morphologies with hydrogen exposure

1.0

nm
10

Height

um

-10

r\‘\x, sk ‘\* - \“

i %:‘--14-
‘.’g.‘\“

Phase

pm

0 2 4 6 8 10 0.0 0.5 1.0 15 20 25 3.0 0.0 0.2 0.4 0.6 0.8 1.0
um um um



Large Scale H2 Storage and On-Demand

Production: Ammonia vs Methanol
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US DOEH Price Goals $2/Kg (2026); $1 Kg (203])

Parameter Armonia Methand

Sate Liqud at -33.6 oC Liqud up to +650C

Safety Pungent odar Lesstaxic liqud
Taxic gas

Energy Density, | 201 186

Mg

H2 Storage ~18 W% 1875 wt%

Density (with Refarming)

900 MAe Natural | 88890 Kg N3 16,000 KgH2 =

Gas fired plant 85,333 Kg Methand
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Net-Zero Fuels and Sectors
Served




Ongoing R&D

Material Characterization: Materialsthat areresistant toH2 for
long-termstorage

Kinetics: To Uhderstand heat management in H2 adsarption and
Desarption.

Systemintegration: Integration of unit operationstoinmplement
Power-to-Products (P2X).

SystemModeling

3 Test asystemthat combinessolidabsorbent (2 wt% H2 limit)
with Methand starage (18.75 wt%) for large scale applications



Summary: SBU H2 Focus

US DOEH2 Price Goals $2/Kg (2026); $1 Kg (2031)

IP Generation- DE|

Pilot Projects

H Value Chain Training (OSWTI) | 20+ Partners- (in

the H2-Hub)




|-GIT Organized Events

P2X

»  Transatlantic Power-to-Gas {TAP2G) Workshop, Aberdeen, Scotland [Octaber 3-4, 2019]
Co-arganizers. BMEC and |-AT and Scattish Hydrogen and Fuel Assodiation

* Scale-lp Strategiesto Monetize Poner-to-Products (P2XY). Decenber 9, 2020
Co-Organizers |-GT/RAPYAChE

*  PowerXinplementation StrategiesWebinar.

Co-Organizes |-GTand Food & Bo Quster, Denmark. Noverrber 18, 2020

RNG
o 2 Amual Sdentific Sunit on Dairy Methane Management Research
Virtual 2020, Decerrber 3-4, 2020.
Co-Organizers: |-GT/Cdfa/AUC Davis/CSE/Denmark Trade Coundil
* 1% Annual Sdentific Sunit on Dairy Methane Managenent Research
UCDavis, CA June 3-4, 2019. Co-Organizers: |-GTAL Davis/Cifa/CSH/
e 39RNG Sunit, Decenrber13-14, 2021 * Institute of

Co-Organizers |-GIT/Cdfa/AC Davis/CSE/Denmerk Trade Goundll Gas ﬁ?ﬁﬂiﬁﬁ;
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1. KunTan, Devinder Mahajan, T. A Venkatesh. Computational fluid dynamic modeling
of methane-hydrogen mixture transportation in pipelines. estimating energy costs. MRS Advances,
2022. https://doi.org/10.1557/s43580-022-00243-0

2. Stephanie Taboada, Lori Clark, Jake Lindberg, David J Tonjes and Devinder Mahajan. Quantifying the
Potential of Renewable Natural Gas to Support a Reformed Energy Landscape: Estimates for New York
State. Energies. Published June 2021

3. Devinder Mahajan, Christopher Cavanagh, Arie Kaufman, Rong Zhao,, Shawn Jones, Gozde Ustuner,
Jeff Hung. 2020 NY-BEST Energy Storage Technology and Innovation Conference. Mode: Virtual. New
York BEST. Session: Topic: New Developments in Non-Battery Energy Storage Technology. Session:
“Super long duration storage: Hydrogen and Power-to-gas. December 8-9, 2020.

4. Devinder Mahajan, Stephanie Taboada, Lori Clark, and Kyoung Ro. Estimation of renewable natural
gas potential in New York State. PRESENTATION FORMAT: On-Demand Oral. DIVISION/COMMITTEE:
Environmental Chemistry. 2020 Fall ACS Meeting. San Francisco, CA. PAPER ID: 3434346.

9. Stephanie Taboada, Devinder Mahajan, Christopher A. Cavanagh, McKenzie Schwartz. Hydrogen
infection in natural gas pipelines for decarbonization of power sector in New York State. Symposium:
Fuel Processing for Hydrogen Production, Transforming the Future through Chemical Engineering.
AIChE Annual Meeting 2019. Hyatt Regency, Orlando, Orlando FL, United States. November 10-15, 2019.
AIChE Abstract ID# 579106.
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* Hydrogen Blending Research for a Net Zero Future.
https://www.nationalgrid.com/us/cop26/hydrogen-vision/stony-brook-case-
study

« “The Hydrogen Race”: American Gas Magazine, April 2021 issue.

https://read.nxtbook.com/aga/american_gas_madazine/american _gas_april 2021

american_gas_april_2021.html

» Hydrogen Heats up in New York, March 17, 2021.

https://www.politico.com/states/new-york/albany/story/2021/03/17/hydrogen-

heats-up-in-new-vork-1368604

 National Grid sees hydrogen as a lynchpin, joins utilities targeting net zerocarbon
by 2050] Wility Dive.
https//Mmmwtilitydive.comynews/with-hydrogen-as-lynchpin-strategy-national -grid-
jdns—cther-utilities-i/586386/

*  Natural GasGoesto College. AGAMagazine- August /Septervber 2019 issue.
https //read nxtbook comyaga/american gas megazine/american gas aug sept2019/natur
al_gas goes to coegehtml



https://www.nationalgrid.com/us/cop26/hydrogen-vision/stony-brook-case-study
https://www.nationalgrid.com/us/cop26/hydrogen-vision/stony-brook-case-study
https://read.nxtbook.com/aga/american_gas_magazine/american_gas_april_2021/american_gas_april_2021.html
https://read.nxtbook.com/aga/american_gas_magazine/american_gas_april_2021/american_gas_april_2021.html
https://www.politico.com/states/new-york/albany/story/2021/03/17/hydrogen-heats-up-in-new-york-1368604
https://www.politico.com/states/new-york/albany/story/2021/03/17/hydrogen-heats-up-in-new-york-1368604
https://www.utilitydive.com/news/with-hydrogen-as-lynchpin-strategy-national-grid-joins-other-utilities-i/586386/
https://www.utilitydive.com/news/with-hydrogen-as-lynchpin-strategy-national-grid-joins-other-utilities-i/586386/
https://read.nxtbook.com/aga/american_gas_magazine/american_gas_aug_sept_2019/natural_gas_goes_to_colege.html
https://read.nxtbook.com/aga/american_gas_magazine/american_gas_aug_sept_2019/natural_gas_goes_to_colege.html

|-GIT In The News

$1.8MNSF Grant Helps SBUTeamEBxplare (ean Energy Altermatives with Hydrogen Septentber27,
2021

https//news.stonybrodk edu/university/1-8m-nsf-grant-hel ps-shu-team-explare-d ean-enerqy-
altermnatives-with-hydrogen/?spatlight=6

Framldeas to Sartups Advice fram Successful SBJFaculty Entrepreneurs

https,//Ammw st onybirook edu/commems/techind agy-Licensing/news/Fram-ldeas-to-Start ups.pho.
Octaber 14, 2021

Reagrition
Advanced Energy Conference: AEC 2021 [Mirtual mode], June 9-10, 2021

4 posters submitted H2 Bending poster won an award in the Uhdergraduate category
https,//aec2021.aertc org/posters/results/



https://news.stonybrook.edu/university/1-8m-nsf-grant-helps-sbu-team-explore-clean-energy-alternatives-with-hydrogen/?spotlight=6
https://news.stonybrook.edu/university/1-8m-nsf-grant-helps-sbu-team-explore-clean-energy-alternatives-with-hydrogen/?spotlight=6
https://www.stonybrook.edu/commcms/technology-licensing/news/From-Ideas-to-Startups.php
https://aec2021.aertc.org/posters/results/
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