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‘Implementable Hydrogen Economy’: The verticals

o Phase-out fossil fuels & Mitigate climate change

Steam Reforming of Fuel Cells
o Low-carbon economy Natural Gas Engines/Turbines
. %
o Use hydrogen to decarbonize the hard-to- - 49 ’2@ Energy Storage
electrify sectors. eg., Steel, Cement, Transport | @/tia/ Oxidation of N Pl
Hydrocarbons 7 p 47%
i 0 ecovery & ~
o Develop low cost H, technologies 29% e
(Electrolysers, Storage, Fuel cells etc.) Coal N Metharol o
. . . Gasification Q - %
o Less polluting H, generation: CH, pyrolysis or 1f8% . Production
SMR with CCS CoQ',® Electronics
, s Electrolysis e o
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o Push earlier energy transition A% ity -

Metal Processing & [N 9 O %
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Energy Transition: Simplified

Oxidat; ‘ Carbon Redox
on /
/4

Exothermic
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CARBON 0
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Nature does this in

Human attempts to
ol millions of years

do this in seconds!
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Hydrogen: Sustainable Generation and Projections

Generation Source Products  Cost S/kg Emission co,
Brown Gasification  Brown Coal H,+CO, 1.2-2.1 High
(Lignite)
Black  Gasification Black Coal H,+CO, 1.2-2.1 High
(Bituminous)
Grey Reforming Natural Gas H,+CO, 1.0-2.1 Med
released
Blue  Reform+ CC Natural Gas H,+CO, 1.5-2.9 Low
85-95% captured

Green  Electrolysis Water H,+0, 3.5-538 Minimal
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ALKALINE (AWE) — OH"

Electrolysis

PEM (PEMWE)

— H*

AEM (AEMWE)

~ OH

R

— 02'

SOE (SOEWE)

Cell pressure [bara]

Efficiency (system)
[kWh/KgH,]

Lifetime [thousand
hours]

Capital costs
estimate for large
stacks (stack-only, >
1MW) [USD/kW,]

Capital cost range
estimate for the
entire system, >10
MW [USD/kW, ]

Level-play future

Alkaline PEM AEM SOEC Alkaline PEM AEM SOEC
<30 <70 <35 <10 >70 >70 >70 >20
50-78 50-83 57-69 45-55 <45 <45 <45 <40
60 50-80 >5 <20 100 100-120 100 80
270 400 >2000 <100 <100 <100 <200
500- 700- <200 <200 <200 <300
1000 1400 /
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Hydrogen Production: Typical Global Scene

Current electrolyser production capacity by type and manufacturers
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Electrolyser Technologies: State of the art

LT Electrolysis Alkaline PEM AEM CSIR’s planned activity
Electrolyte Aq. KOH (40%) PEM (Nafion) + (Acidic) | AEM + dil.KOH (<6%) Collaborating with Industrial partners
Cathode Ni, Ni-Mo alloys Pt,Pt-Pd Non-precious metals State-of-the-art and future KPIs for all electrolyser technologies.
Anode Ni, Ni-Co alloys Ru0O2, Ir0O2 Non-precious metals ”WQDED{A ‘ 2020 Target 2050 R&D focus
Separator Diaphram (ZP 500um) | Nafion 117 (<100um) | AEM (<50um) AEM electrolysers
Cell vo|tage 1.8-2.4V 1.8-2.2V 1.8-2.2V Nominal current density 0.2-2 A/cm? >2 A/ecm2 Membrane, reconversion
Current density [0.2-0.4 A/cm2 0.6 -2.0 A/cm2 0.2-1.2A/cm2 catalysts
Voltage range (limits) 1.4-20V <2V Catalyst
Gas purity (vol%) | >99.5 >99.999 >99.99 Operating temperature 40-60°C 80°C Effect on durability
Pressure (bar) 1-30 30-75 1-40 Cell pressure < 35 bar > 70 bar Membrane
. . Load range 5%-100% 5%-200% Membrane
Main cost drivers : green H, Rough Cost USD@ 1MW £ B 99.9%-99.999% > 99.9999% S————
IRENA 2020b Voltage efficiency (LHV) 52%-67% >75% Catalysts
1200 Electrical efficiency (stack) | 51.5-66 kWh/Kg H, < 42 kWh/Kg H, Catalysts/membrane
1000 Electrical efficiency (system)  57-69 kWh/Kg H, < 45 kWh/Kg H, Balance of plant
800 Lifetime (stack) > 5000 hours 100 000 hours Membrane, electrodes
600 Stack unit size 2.5 kW 2 MW MEA
Major Cost 400 J Electrode area <300 cm? 1000 cm? MEA
Drivers (in %) for 200 Cold start (to nominal load) | < 20 minutes < 5 minutes Insulation (design)
Green Hydrogen 73 0 .I -I Capital costs (stack) | Unknown < USD 100/kW MEA
(_)@(\’k— ,\o°\ | Q\(\"o Q)oQ /\O.(z} mini.mum1 MW ;
& Capital costs  (system) Unknown < USD 200/kW Rectifier
&\e & minimum 10 MW




Cost: System Technology — Integration & Engineering

OXYGEN FURE
y RECTIFIER HYDROGiN ( GAS DRYER | H2 GAS
POWER ~N  DE-OXO
_—~PURIFIER
] s o
DC ] ==
POWER
oM GAS
WATER WASHER
- COOLER
- -t >
ELECTROLYZER oPTIONALFOR .~ | & >
HIGHER PURITY \ g

AC-DC converters Gas leak detectors
Efficient rectifiers Dryers

1, Pumps HP components
~O—- Heat exchangers  Accelerated tests India is fairly comfortable in BoP, Electronics etc.
71N\

Efficiency influenced by component integration

Durability & Life are influenced by affordable MoC & op. conditions
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Cost: Core technology: R&D - cheaper & efficient component

Cell Structure

electrons (e7)

oxygen || water () -------mommmmmeomoeoes P water
(out) (out) (external source) (out)
electron
transport
oxidation reduction
(water/oxygen) (water/hydrogen)
ion
transport _
: 4 h
oxygen anion (A) _ ydrogen
<— S
water ] water
FUCI %% %% L
— - —
waste ; waste
heat 4 heat
anode water
distributor and gas
collector plate
(flow field) - ! -
anode c:tn(l):yir electrolyte sttr::;j:r cathode
: membrane )
water PTL (ACL) ( ) (ccl) PTL/GDL

(in) |\ Y )

membrane electrode assembly (MEA)

hydrogen
(out)

cathode water

distributor and gas

collector plate
(flow field)

Core Technology

| MEA
[

|
Anode (4 - o )
PTS_A (PTL + MPL) CCM (ACL + M + CCL) PTS_C/GDS_C (PTL/GDL + MPL)
CCS_A (PTL + MPL + ACL)

PTL, porous transport layer; MPL, microporous transport
layer; GDL, gas diffusion layer; PTS, porous transport
system; GDS, gas diffusion system; CCS, catalyst coated
substrate; CCM, catalyst coated membrane.

CCS_C (PTL/GDL + MPL + CCL)

Indigenization of core technology is
critical for an Atmanirbhar Bharat

E _Srt IJ—UZJ JACS Au 2021, 1, 527-535
REL @ + 1=
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Cost: Stack Technology - Thermodynamics & Kinetics

ED: 1H,0+ Electricity + Heat - H;+%0, ~1.23V e <+—Polarization curve
— (237.2 kl mol-1) (48.6 kJ mol-1)
1.8 - <«—Anode (OER) kinetics
Overpotential & Electrolysis Membrane Conductivity S
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-\, o1 . - : ili
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A
| Carben
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W
¢ lonomer thickness
3-100m
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Immense scope for R&D, Game-changing potential
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Cost: Stack Technology —

Immense R&D opportunity

High performing durable non-PGM Catalysts

Multllevel hlerarchlcally porous & rough catalysts

Porous mtaI eIectrodes/GDLs

Computational
 Lcatalyst design

AR

Mass production
of membranes
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2120 45
1907.67
1694.89
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1269.32
1056.54
84376

630.98

418.20

205.42

-7.36

Improved fluid dynamics for better H, production

g
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Velocity Magnitude
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0.04
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CFD simulation based improved flow fields
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Membrane: Critical component

Catalysts: Ru/C v/s Pt/C @ Room temperature
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AEM

Typical activation protocol

Membrane A

24hin 1 M KOH (CI- ions to "OH ions)
5h heat treatment @ 55 °C

Membrane B

24hin 1 M KCL (I- ions to Cl-ions)

24h in 1 M KOH (Cl-ions to "OH) (manufacturer’s recipe)

7

| Membfane B (After
B <)g_ust tivation)

il B e

30h in 1 M KCL (I ions to Cl-ions)

rzﬂ 48h in 1 M KOH (Cl-ions to "OH) (CSIR NCL's recipe)

LiZ

mp [x 8

Membrane A & B are commercial membranes for AEM

Activation of is unique
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Operating conditions: Performance vs Life - Trade-off

5
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Example case in AEM o Higher operating temperature enhances the IEC of the membrane and reduces the overpotentials
o Higher potential operation increases the hydrogen production capacity
_\é/_ o Higher operating temperature reduces the life of components and the electrolyser
/TN
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Challenges in testing R&D: Hydrogen Generation Tech.

o A handful of international test station manufacturers

o Surging orders, long lead times, long queues

o India: No comm. electrolyser test station manufacturing

o TRL variations (PEM/AEM/SOE): unpredictable test-bench market
o R&D labs are forced to fabricate own test stations (extra load)

o Import dependency: components (EIS) & accessories

o Poor supply chain: components & consumables

o Expensive power supplies: AC-DC or DC-DC converters

o Affordable & reliable H, leak detection devices

o Lab Safety: Continuous & larger quantities of H, & O, generation

O Vent (demands flash arrestors / N, for dilution)

CSIR’s first indigenous AEM Water Electrolyser

lindigenous design & devpmnt. 100 cm?
bl SN 0 2ol square cell

2KV

| catalysts made at a size of 100
| cm? that would be employed in'8

.......
im———




o Testing hydrogen production at MW level needs new facilities
o Such facilities/protocols are unprecedented

o Key aspects: Electricity, Water, Gas analysis (H, & O,)

o Large-scale utilities: Power supply (@MW scale)

o Low voltage (400V)-high current(2.5kA): needs new excl. safety

o Safety: Large quantities of H, & O, (H, sink)

o Large-scale gas flow: Limiting the range of MFM
o Testing cost: Affordable Electricity & Remunerated H, sink
o H, sinkl: Cold Vent (demands 24X of N, for dilution)

o Venting large H2 is eventually not feasible (GWP of H, is 5.8)

3% Captive

i’é'%i

~ 0 TRL-based test varia

Hydrogen Lab Leuna - Enery \.'_-'-2'3: 75(8) 3%92?
(Fraunhofer IWES) . ol g e o

© Fraunhofer IWNES

Electrolyser test field at the Hydrogen Lab Leuna. (1) Concrete slab for placing devices under testing (DUT), (2)
safety cold vent, (3) connection to Linde H; pipeline as H; sink, (4) medium-voltage power supply, (5)
programmable logic controller and control room interface, (6) individual utility interface (IUl). Insert: Close-up of
the IUL. (7) Hz and O, analysis, (8) N2 supply, (9) compressed air suplly, (10) H, product output, (11) process
water supply, (12) deionized water supply, (13) low-pressure steam supply. © Fraunhofer IWES.
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Summary & Future

O

@)
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Affordable electrolyser technology development is key to realizing Energy Transition

Apart from affordable renewables, R&D at core technology is critical to reducing LCOH of H,

India should focus on building R&D infrastructure & testing capabilities

Component development and manufacturing are keys for India to be self-reliant in H, generation & export
AEM seems to be a game changer in electrolyser technology; Focused activity will help to realize it.

Setting safety & standards will boost the tech. development and market penetration

Incentivizing PPP mode tech development will help to fill up the ‘Valley of Death’ in mid-range TRLs

The global electrolyser industry is set to grow exponentially, and India should not miss the bus.
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