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Abstract

Reducing the Production Cost of Hydrogen from Polymer Electrolyte Membrane Electrolyzers
through Dynamic Current Density Operation

Michael Ginsberg

A worldwide shift fromfossil fuels to zero carbon energy sources is imperatilimiio
global warming to 1.8C. While integrating high penetrations of VRE into the grid may
introduce the need for upgrading an aging electsgsiem renewable energy represents a new
opportunity to decarbonize multiple sectors. Otherwise curtailed solar and wind energy can
accelerat deep decarbonization in hadreach sectorstransportation, industriatesidential,
and commercial buildings, all of which must be decarbonized to limit global wariitiy.
renewable energy as its inpute&rolytic H represents a solution to tkepply-demand
mismatch created by the proliferation of VRESs on a grid designed fdemand power.
Electrolytic H can stabilize the grid since the eteated can be storesid transferredrhus,
Chapter 1 introduces tlopportunityof greenH: in the cantext of lowrcost VREsas a means of
deep decarbonization through sector couplamgl anoverview ofthetechneeconomicskey
technologiesand life cycle assessment versiusincumbentsteam methane reformation.

Thegrowing imbalances between electricity demand and supply Wais create
increasingly large swings in electricity pric€apable of operating with variable input power
and high current densities without prohibitively large ohmic losses, polymer eletrolyt
membrane (PEM) electrolyzers are well suited to VREBL hapter 2, plymer electrolyte
membrane (PEM) electrolyzesse shown to helpuffer against thessupply demand

imbalanceswhile simultaneouslyninimizing the levelized cost of hydrogen (LCOHy b



ramping up production dfiz through highcurrentdensity operation when lowost electricity is
abundant, and ramping down current density to operate efficiently when electricity prices are
high. A techneeconomic modek introducedhatoptimizes current density profiles for
dynamically operated electrolyzers, while accounting for the potential of increased degradation
rates, to minimize LCOH for any given tiroé-use (TOU) electricity pricing. This model is used
to predict LCOH from diférent methods of operating a PEM electrolyzer for historical and
projected electricity prices in California and Texas, which were chosen due to their high
penetration of VRES. Results reveal that dynamic operation could enable reductions in LCOH
ranging fom 2% to 63% for historical 2020 pricing and 1% to 53% for projected 2030 pricing.
Moreover, highcurrentdensity operation above 2.5 A this shown to be increasing|ystified
at electricity prices below $0.03 kWh These findings suggest an actionahkans of lowering
LCOH and guide PEM electrolyzer development toward devices that can operate efficiently at a
range of current densities.

Chapter 3 uses techhezonomic modeling to analyze the benefits of producing green
(zero carbon) hydrogen throughrdymically operate®EM electrolyzers connected to ajfid
VREs Dynamic electrolyzer operation is considered for current densities between 0 to% A cm
and compared to operating a PEM electrolyzer at a constant current density of2 Fhem
analysis vas carried out for different combinations of VRE to electrolysis (VRE:E) capacity
ratios and compositions of wind and solar electricity in 4 locatidnsdlow, California,
Dalhart, Texas, Calvin, North Dakota, and Maple Falls, Washington. For optimaE\éRE:
wind:PV capacity ratios, dynamic operation of the PEM electrolyzer was found to reduce the
LCOH by 5% to 9%, while increasing. production by 134% to 173%, and decreasing excess

(i.e. curtailed) electrical power by 82% to 95% compared to constamrtuensity operation.



Under dynamic electrolyzer operation, the minimum LCOH is achieved at higher VRE:E
capacity ratios than constant current density operation and a VRE mix that was more skewed to
whichever VRE source with the higher capacity facta given location. In addition,

dynamically operated electrolyzers are found to achieve LCOH values within 10% of the
minimum LCOH over a significantly wider range of VRE:E capacity ratios and VRE mixes than
constant electrolyzers. As demonstrated, thberteeconomic framework described herein may

be used to determine the optimal VRE:E capacity and VRE mix for dynamagsdhated green
hydrogen systems that minimize cost and maximize the amothtgrbduced.

Chapter 4ocuses on the production of higlurity water andH2 from seawater. Current
electrolyzers require deionized water so they need to be coupled with desalinatiorhisnits.
studyshows that such coupling is cesffective inH2 generation, and offers bertsfto thermal
desalination, which can utilize waste heat from electrolysis. Furtherihmshown thasuch
coupling can be optimized when electrolyzers operate at high current density, uscastow
solar and/or wind electricity, as such operatiomeases bothi> production and heat generation
Results of techneconomic modeling dPEM electrolyzergefine thresholds of electricity
pricing, current density, and operating temperature that make clean electrolytic hydrogen cost
competitive withHz from steam methane reforming. By using 2020 hourly electricity pricing in
California and Texadl2 is shown to b produced from seawater in coupled desalination
electrolyzer systems at prices near $2, reaching cost parity withfBMRcedH2. Chapter 5
concludes the dissertation wiin overview of the challengesd research needs for PEM
electrolyzersat scaleincluding projected iridium needsridium thrifting, recycling methods,

key degradation mechanisms, a failure modes and effectsmsnaind_COH projections.
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average electricity charges f or moidtiyfoi erda nLgP s
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$0.02 kWht average electricity prices. Ti@alifornia 2019 energy mix included 7% wind and

14% solar. California 2030 Limited Capacity is defined as 10% wind, 30+% solar penetrations
and the VRE portfolio was assumed to not cause early retirement-MRBmpower plants. The

Texas 2020 energy mircluded 23% wind and 2% solar. Texas 2030 Limited Capacity is

defined as 30% wind and 10+% solar penetrations. The boxplots in Figure 2.11 show the full
range of the distributions and Figure 2.12 shows the full range of all nodes depicted here. Note
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Chapter 1: Background and Introduction

1.1 The Shift toRenewable Energy

A global shift to zerecarbon energy, primarily wind and solar, is needed to limit global warming
to 1.5C and prevent the worst impacts of climate change. Fortunately, from $76 per watt in the
1970s to less than $1 per watt today foréssgale systems, solar has achieved grid paiityis

has led to the rapid proliferation of wind and solar energy system installed capacity in the U.S.

and globally.
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Figure 1.1.Solar photovoltaics are now cost competitive with conventional fuefs

The declining price of solar energy systems isghirmarily to a steep reduction in the
cost of manufacturing PV modul es. Per %wanson
for every doubling of productiohDue to this trend, sol@mnergyis growing at a rapid rate, up
from 3% of the total U.S. electricity generationd@20to 5% in 2022% This is only set to

continue, especially with the passage of the 2022 Inflation Reduction Act, which extended the
1



30% Investment Tax Credit. Ndrydropower raewables are the fastegtowing power source,
with wind and solar projects comprising 62% of new power generation investments ih 2018.
The U.S. Energy Information Agency projects utisyale solar will grow by 84 by the end of
2024, and wind by 12 anl14%° Projections have shown solar could supplye6sf U.S.

electricity and 35% of its total energy by 2058nd 1006 from a combination of wind, water,
solar and storageGlobally, the IEA forecasts that renewables will grow to 45%he

electricty mix through 2030.

The declining price of solar photovoltaics (PV), however, has led to overproduction
during periods when demand is | ow. The ADuck
Independent System Operator (CAISO), demonstrates the challenge of matching demand and
suppy with increased renewable energy penetration. The curve shows thsblaosupply must
be high in the morning, st eephHreghousebefbreame dur i n

after 12 PM noon, and surge in the afternoon as the sun begins to set.
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Figure 1.2. The Duck Curve during a Typical Spring Day. The duck curve illustrates the net
electricity load throughout the day, showing a deep trough during midday when solar energy
generation is high and a steep rise in demand during the evenimghen solar generation decreases,
posing challenges for grid operators and highlighting the need for energy storage solutiotfs.



Curtailment is compounded by the fact that declining module costs have led to higher
inverter loading ratios and more clippiragses, the reduction in energy production when the
solar system DC output exceeds the inverteros
a DC array relative to the AC capacity of the inverter during peak production, the use of more
modules endbs the inverter to operate closer to its peak rating more often, particularly during
morning and afternoon hours when solar insolation is lowest. The increased revenue generated
during the morning and afternoon hours has outweighed the clipping lossesttarhours of
greatest insolation, 9 AM to 3 PM, in summer months. This is increasingly valuable as grid
operators require high ramp rates from other generators during these times.

A 100% renewable energy grid is limited not only by supply demand rnabimaut by
the cost of integrating wind and solar, variable renewable energy (VRE) &/Bé&te technical
and organizational challenges to existing grids designed for centralized AC generation with
readily-dispatchable generators. As more variable soldivand energy saturates the market,
system operators must take actions to mitigate increased fluctuations in supply. Increased
penetration of VRE is forcing utilities to invest in new infrastructure and grid management
software, which has the effect otitecing the value of that renewable eneftwhile the costs
of integrating VRE below 30% penetration are marginal, results show that curtailment rates and
associated costs rise rapidly above 30% due to transmission and operational flexibility
requirement$? However, emerging technologies that allow for greater grid flexibility, and hence
accommodate more variable renewaples/e the potential to eliminate, or at the very |east

increasehe ceiling associated with renewable energy generation.



1.2 DeepDecarbonization through Sector Coupling

While integrating high penetrations of VRE into the grid may introduce the need for upgrading
an aging electrical grid, renewable energy represents a new opportunity to decarbonize multiple
sectors. Otherwise curtad solar and wind energy can accelerate deep decarbonization-in hard
to-reach sectorstransportation, industrial, residential and commercial buildings, all of which
must be decarbonized to limit global warming. As shown in in Fig@eelectric power

comprised only 8% of total U.S. primary energy demand in 2021. As shown in Figdre 1.
technologies are needed that facilitate sector coupling and the diffusion of a 100% renewable

energy grid to other sectors.

U.S. energy consumption by source and sector, 2021
quadrillion British thermal units (Btu)
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Figure 1.3. US primary energy consumptionby source and sector, 202%,
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Figure 1.4. Sector coupling through diffusion of 100% renewable grid.

In the residential and commercial building sector, excess PV can be converted to heat for
hot water storage and air source heat pumps. Novel PV materials, such as perovskite solar cells,
can be installed in building facades, and low emboedation materia and envelope
technologies employed. In addition, fleet microgrids have the potential to reduce reliance on
fossil fuels. In the transportation sector, electric and fuel cell vehicle charging infrastructure is
needed, along with biofuel / feedstock sypg@hallenges for electric vehicles include low
energy density, life and material resource scarcity. Fuel cell vehicles are limited by the high costs
of Hz storage and transport. Synthetic fuels from renewable hydrogen methanation can fuel
heavy duty vehies, ocean shipping, and aviation. A life cycle assessment by Argonne National
Laboratory found that pure biodiesel (B100) use reducese@@ssions by 74% compared to
petroleumt* However, biofuels can lead to ecosystem degradation and reduce resodreesian
for food product i on.als@neanslitigelsaeHhigbestentperagures,pour po

resulting in poor flow properties.



Decarbonization of the industrial sector includes the use of solar and wind electrolysis for
power to gas (P2G) includirtgz, ammoniaandbulk and specialty chemicals. Decarbonization
of this sector may also include carbon capture, which is dominated by amine scrubbing. Amine
scrubbing has high energy requirements, amine absorbent degradation, and requires the
transportatia and storage of Cefore its conversion to a useful product. Alternatives to amine
scrubbing include a dual function material that captures and convertfsd@d©power plant flue

gas into synthetic methane with renewably produced hydrgen.

1.3 The Green Hydrogen Opportunity

1.3.1 Rationale

Electrolytic H represents a solution to the supply demand mismatch created by the proliferation
of VREs on a grid designed for-a@lemand power. Electrolyticdtan stabilize the grid since the

H2 created can be storddansferred and used to decarbonize fiandach sector¥ Heavy

industrial facilities, for instance, are especially difficult to decarbonize since high heating
demand cannot be easily electrified. Compared to the faster kiaktles H evolution reaction,

N2 reduction has poor faradaic efficiency and-@€xuction is highly energy intensive. €0

reduction has thus focused on stepwise transformation with attention on the highest gross margin
intermediate products, such as metia@O, ethylene, and aldehydes that can be further
upgraded via the Fischd@ropsch or Methanol to Olefin process to replace gas, diesel, or jet
fuels!’ As such, water electrolysis has become a major focus in recent years for use in industrial
processesither as heat or as an input to subsequent chemical processes, such as ammonia

synthesis.



1.3.2 Techneeconomics of Green Hydrogen

H2 from steam methane reforming, which ranges fror$$kg? is currently more economical
than H from grid electrolysi€$5.50kg ™) and solar PV ($4 to $1&5%).18 In a recent analysis,

blue H (H2 from natural gas and decarbonized with carbon capture and storage (CCUS)) was
found to have the best cost profile for various industrial procé$gesement production, the
report points out that since clinker is cheap to produce, renewasbligtificantly increases the

cost of clinker per ton. This holds true for steel, glass and ceramics, ammonia, and methanol.

-- 8 $/MMBtu natural gas

-+ 25% price increase
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Figure 1.5. Cost increaseover coalas heat sourceer ton of clinker.*®

The feedstock, PMerived electricity for electrolysis, is the greatest cost component to
the LCOH, followed by capital and fi@eoperations and maintenacests. In a report by Shaner
et al, B from PV electrolysis was found to be as high asi&fbbased on the plant efficiency
and PV module and electrolyzer capital expeéfig@ar ammonia synthesis using electrolytig H
studiessuggest PV electricity must be below $@Wh to produce cost competitive production

of ammonia below $40permetric ton using kibelow $2kg*.



As shown by Esposito, 2017, the operating expenditure (OPEX) @Ektrolysis is
mostly sensitive to the price of electricity.n E s p 0 s irecondng analgsis,ibymarginal
cost reductionsreachieved at greater electrolyzer efficience®d electrolyzer efficiency had a
greater impact on OPEX at higher etagity prices (e.g. above $0.¢8Vh?), pointing to the
increasing importance of electrolyzer efficiency at higher electricity prices (Fighfg2f.As
shown in Figure BB, capital expenditure (CAPEX) was found to vary greatly with capacity
factor, reiriorcing the importance of reductions in electrolyzer capital costs in a future dominated

by wind and solar, which have capacity factors of approximately 30% and 20% respectively.
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Figure 1.6. Economics of water electrolysis(A) Electricity operating costs (opex) as a
function of electrolyzer efficiency and the price of electricity. (B) Capital expenditures (capex) of an
electrolyzer system normalized to the total amount of H2 generated over a 10 year lifetime while
operating at 1.5 A cm 2and an electroysis efficiency of 78%. The horizontal dashed lines in both
plots correspond to the levelized cost of producing H2 by SMR, based on a study by the US
Department of Energy and the average 2016 industrial price of natural gas in the US. Electrolyzer

efficiency is based on the higher heating value (HHV) of HiBaseline éctrolyzer CAPEX is
assumed to bel,000 1,500 $ kW ‘and OPEX is assumed to be 5% oEAPEX per year.??



1.3.3 Life Cycle Assessment

LCA of H2 production via SMR is used as a baseline for comparison with renewable electrolysis
or direct photoelectrolysis via photoelectrochemical cells. SMIBWs three general steps: 1)
Sulfur removal in a hydrogenation vessel to convert sulfur compoundsStaridl removal of

H2S in a ZnO bed, 2) Syngas production by feeding natural gas and 2.6 MPa steam to steam
reformer, and 3) Hpurification by feedingyngas to high temperature water gas shift and low
temperature water gas shift reactors where 92% of CO is converteciatal Hb is purified via

a pressure swing adsorption ufitgures 1.7and 1.8. PSA offgas is comprised of C@55

mol%), H (27 nol%), CH: (14 mol%), CO (3 mol%), N0.4 mol%), and water vapor. SMR
produces 4.8 MPa (700 psi) steam, which is assumed to be exported for use by some other
process or facility. In a cradle to grave LCA;laplant with a capacity of 1.5 million Nm3/day

(57 million scfd), typical of that found in a major oil refinery, was examined. Primary sources of
operational CO2e emissiorisl], 888 g CO2e/kg of +Hproduced, were found to come from the

plant operation (75%) and natural gas production and transpéf) f25*

H, product slipstream

steam

y

natural gas :
feegsto?k ) Catalytic High Low Pressure
—p| Hydrogenation ZnO Bed steam temperature temperature swing H,
reforming shift shift adsorption

F

offgas

natural
gas fuel

Figure 1.7. SMR H; Plant Block Flow Diagram
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Figure 1.8. Commercial scale industrial H generationvia SMR.?

In contrastthe lifecycle carbon of wind electrolysis was estimated to be 970 g CO2e per

kg of Hz production, of which 78% is contributed by the wind turbine aneclide, followed by

H2 compression and storage (17.6%), and electrolysis production and operation?(A49G)A

of PV electrolysis found global warming potential to be higher than (@@d.2 g CO2e/kg of

H2), with the largest contribution from the materials and manufacturingsoPd/ modules

(63%)2° It is noted that these 2011 PV liégcle estimates have been recently updated and that

PV emissions have been drastically reduced simee?’242° Notably, in order to qualify for the

$3 kg production tax credit under the IRA; Fhust have operational emissions of 0.45 kg&O

kglH: or less®®

Processes Energy CO, equivalent
equivalent emissions

[kl/kg Ha]  [g COz-e/kg Ho|

Materials and manufacturing 25,550.48 1519.53

of PV modules

Transportation 602.53 461.36

Inverters 830.91 110.93

Wiring 602.41 60.24

Installation 2679.68 37.18

Operation and maintenance 2285.00 161.20

Decommissioning and disposal 893.23 61.70

Total 33,444.24 2412.13
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Figure 1.9. CO2e emissions associated with PV electrolygfs

1.4 Electrolyzer Technology Comparison
The overall water electrolysis reaction and two half reactions hydrogen evolution reaction (HER)

and oxygen evolution reaction (OER) in an acidic electrolyte are shown in Equatidn8.1.1

Overall Q0 2 04Q PA=1T 10 23 1.1
HER 20+207 Q qO=0.00 6 "00 1.2
OER 2H0 Y 2+@H +4e  gi0=1.23wm0 i0 "001.3

w h e rEas thgopthermodynamic minimum voltage. There are several types of electrolyzers, and
each operates differently. Here are the differences between five common types of electrolyzers:

PEM, alkaline, AEM, SOEC, and membranel&ss.

N
Proton Exchange Membrane
D ganarabor
Ag-
0, + 4H| 2H,
—_—
H*
Anode Cathode
M0 8 Ay
¥ .
k1 -
Electrolyte Solution (KOH)
Anode; 40H = ZH,0+0_+de" Anode: 2H,0 « O +4H"+de"
Cathode: 4H,0+4e" «+ ZH,+40H ) Cathode: 4H"+4e « IH,
4 Y - X
Anion Exchange Membrane Solid Oxide
OC gonact or Do panarabor
0, + 4H; 2H, + 20%
Anode Cathode
H,0 oo
=
k]
Anoder 40H-—2H,0+0,+4e: Anode: 20% «— 0+ de
Cathode: 4H 0+4a++2H, +40H J L Cathode: 2H,O+4de-« IH +20% )

Figure 1.10. Electrolyzer Technologies®!
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PEM (Polymer Electrolyte Membrane) electrolyzénsPEM electrolyzers, a proton exchange
membranesepart es t he anode and cathode-gapahart ment s
(100-200 pm) solidelectrolyte membrane between the&olving anode and #kvolving

cathode. The MEA together with current collectors and separator plates make upvitingcbell

on average, is only 5-9 mm thick. This structural compactness and the high current density result
in a much smaller footprint compared to alkaline technology. The membrane allowsidims H

to pass through to the cathode, while serving as a physicaridaat suppresses crossover and
mixing of H. and Q. PEM electrolyzers are compact, efficient, and produce high piuigas.

They require high purity water and are generally more expensive than other types of
electrolyzers. The operating current dgnef PEM electrolyzers is typically-2 A cni2. Unlike

alkaline, this means PEM electrolyzers can ramp uprbduction through increased current

density. The electrolyte in PEM is a solid polymer capable of condu€inhgvhich results in an

acidic environment. Catalysts capable of operating under these conditions are precious metals
such as platinum and iridium, and the acidic nature results in short lifetimes compared to
alkaline. PEM catalysts are typically iridium oxide. As a scarce resgptire reduction or

replacement of Ir is a crucial area of research. Loading toda$ g/@mz2, but it is possible to

reduce to 1 g/cm On the anode, weltlispersed catalysts are key for performance at low

loading as increased current density increases the dissolution rate, requiring high loading.

Alkaline electrolyzersAlkaline electrolyzers use a solution of potassium or sodium hydroxide as
the electrolyte, and separate the anode and cathode compartments with a porous separator.
Alkaline electrolyzers tend to be less expensive than PEM electrolyzers and are efficient in

producing large volumes of hydrogen gas. Alkaline requires water witdixanum conductivity
12



of 0.5 micro siemens (&€S). Since KOH and wate
reaction, the bkland Q that are dissolved in the electrolyte may intermix, which limits current

densities and pressure lev&iglkaline electrolyzers operate in the range of 0.5 to Oc8n&.

AEM (Anion Exchange Membrane) electrolyz&B&M electrolyzers, which are under

development, use a semipermeable anion exchange membrane that conducts hydroxide ions (OH
). The membrane has higher resistance than PEM so the process does not operate at as high of
current densities. For instance, in a recent study, an AEM electrolyzeatimg without PGMs

operated stably at 0.5 A ¢hior more than 1,000 hours at 60 *CThey operate in an alkaline
environment, which allows for the use of non P®lked catalystS. The AEM membrane,

however, suffers from stability problems primarilyedto the attack of the Oldn the polymer
backbone, which collapses the membrane and leads to catalyst layer dissathtioii2

hours®!

SOEC (Solid Oxide Electrolysis Cell) electrolyze®0EC electrolyzers use a solid oxide
ceramic electrolyte and operate at high temperatures, typically between-Z&B0TC, which
permits the use of less expensive nickel electrodes. The higher tempeffatdielass internal
resistance losses and improved reaction kinetics, resulting in about 30% lower power
consumption or three to four times morggtoduction (45 50 kwWh kgh).2* The SOEC has the
potential for reversibility, and eelectrolysis of C@and water for syngas. Challenges, however,
include that shutdown and ramping results in gas degradation due to-tteemaal cycling,
sealing at high differential pressures, aret&bde contamination by sealants such as $fica.

Commer ci al SOEC el ectrolyzers are, however, e
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eledrolyzer productwhich claimsto be equipped thandle the intermittency of renewable

energy35,36,37

Membraneless electrolyzefglembraneless electrolyzers, which are under development, operate
without a membrane or separator, and instead retii@electrode geometry to separate the
anode and cathode compartments. Membraneless electrolyzers offer a simple design and lower
manufacturing cost as they avoid the use of expensive membranes, which are susceptible to
degradation. They can also toleratgurities in the water, potentially use seawater, and operate
at low pressuredembraneless electrolyzetsoweverhave lower efficiency compared to other
types of electrolyzerdue to higher solution IR losses, and theglls produced of lower purity
(99.4% for Type | and 99.8% for Type .

In order of maturity, electrolyzer types vary from alkaline to polymer electrolyte
membran€PEM) to solid oxide electrolysis cell (SOEC) and membraneless. Figdraridl

Table 1.7 show the key performance indicators, characteratidduture targets by technology

type.

14



2020 Target 2050 R&D focus
PEM electrolysers
Nominal current density 1-2 Afem? 4-6 Afcm2 Design, membrane
Voltage range (limits) 14-25V <17V Catalyst, membrane
Operating temperature 50-80°C 80°C Effect on durability
Cell pressure < 30 bar > 70 bar Membrane, reconversion
catalysts
Load range 5%-120% 5%-300% Membrane
H2 purity 99.9%-99.9999% Same Membrane
Voltage efficiency (LHV) 50%-68% >80% Catalysts

Electrical efficiency (stack)

47-66 kWh/Kg H,

< 42 kWh/Kg H,

Catalysts/membrane

Electrical efficiency (system)

50-83 kWh/Kg H,

< 45 kWh/Kg H,

Balance of plant

Lifetime (stack)

50 000-80 000 hours

100 000-120 000 hours

Membrane, catalysts,
PTLs

Stack unit size 1MW 10 MW MEA, PTL

Electrode area 1500 cm? >10 000 cm® MEA, PTL

Cold start (to nominal load) | < 20 minutes < 5 minutes Insulation (design)

Capital costs (stack) | USD 400/kW < USD 100/kW MEA, PTLs, BPs

minimum 1 MW

Capital Costs  (system) | 700-1400 USD/kW < 200 USD/kW Rectifier, water

minirmum 10 MW purification

Alkaline electrolysers

Nominal current density 0.2-0.8 A/cm? > 2 Afem? Diaphragm

Voltage range (limits) 14-3V <17V Catalysts

Operating temperature 70-90°C =90°C Diaphragm, frames,
balance of plant
components

Cell pressure < 30 bar > 70 bar Diaphragm, cell, frames

Load range 15%-100% 5%-300% Diaphragm

H, purity 99.9%-99.9998% > 99.9999% Diaphragm

Voltage efficiency (LHV) 50%-68% > 70% Catalysts, temperature

Electrical efficiency (stack)

47-66 kWh/Kg H,

< 42 kWh/Kg H,

Diaphragm, catalysts

Electrical efficiency (system)

50-78 kWh/Kg H,

< 45 kWh/Kg H,

Balance of plant

15




2020 Target 2050 R&D focus
Liretime (stack) 60 000 hours 100 000 hours Electrodes
Stack unit size 1MW 10 MW Electrodes
Ebectrode area 10 000-30 000 cm? 30 000 cm® Electrodes
Cold start (to nominal load) | < S0 minutes < 30 minutes Insulation {design}
Capltal costs {stack) | USD 270/kW < USD 100 kW Electrodes
minimism 1 MW
Capital  costs  (system) | USD 500-1 000/kW < USD 200/kwW Balance of plant
minimsm 10 Mw

AEM glectrolysers
Nominal current density 0.2-2 afcm? » 2 Afem2 Membrane, recomversion

catalysts

Violtage range (Imits) 14-20V <2V Catalyst
Operating temperature A0-B0°C 80°C Efrect on durabiiity
Call pressure < 35 bar > 70 bar Membrang
Load range S%-100% S%-200% Membrane
H, purity 99.9%-99.99%% > 09.9999% Membrang
Voltage efficlency (LHW) SI%-67% = 75% Catalysts
Electrical efmclency (stack) | 51.5-66 kWh/Kg H, < 42 kWh/Kg H, Catalysts/membrane
Electrical efmiclency (system) | 57-69 kwh/Kg H, < 45 kWh/Kg H, Balance of plant
Liretime (stack) » 5 000 hours 100 000 hours Membrane, electrodes
Stack unit size 25 kw 2Mw MEA
Electrode area < 300 cm?® 1000 cm? MEA
Cold start (to nominal load) | < 20 minutes < & minutes Insulation {design)
Capital  oosis  (stack) | Unknown < USD 100/kW MEA
minimiam 1 MW
Capital  costs  (system) | Unknown < USD 200/KW Rectifler
minimum 10 MW

Solid cxide electrolysers
HNominal current density 0.3 afcm?® =2 Afcm? Electrolyte, electrodes
Violtzge range (imits) 105 W <148V Catalysts
Operating temperature 700-850°C < GO0°C Electrolyte
Cell prassurne 1bar » 20 bar Electrolyte, electrodes
Load range 30%-125% 0%-200% Electrolyte, electrodes
H, purity 00.9% > 00.9099% Electrolyte, electrodes
Voltage efficlency (LHV) 75%-85 % = B5% Catalysts
Electrical efficiency (stack) [ 35-50 kwh/Kg H, < 35 kWh/Kg H, Electrolyte, electrodes
Electrical emoiency (system) | 40-50 kwhy/g H, < 40 KWh/Kg H, Balance of plant
Lirefime (stack) < 20 000 hours B0 000 hours All
Stack unit size Skw 200 kw all
Electrode area 200 cm@® 500 cm® All
Cold start {to nominal load) | > 600 minutes < 300 minutes Insulation (design)
Capital  costs (stack) | > USD 2 0OD/KW < USD 200/kwW Electrolyte, electrodes
minirmism 1MW
Capltal  costs  (system) | Unknown < USD 300/kW All
minirmism 1 MW

Figure 1.11. State-of-the-art and future KPIs by electrolyzertype 3!
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Table 11. Electrolyzer types and key characteristics

Electrolyzer Key Characteristics

Alkaline Pros Cons
1 Non-precious metal catalysts § H2 outletpressure < 30 bar
(Ni, Fe) 1 60-80% voltage efficiency
T 80C 1 Electrolyte/bubble resistance
1 >99% H2 purity 1 Complex balance of plant

PEM Pros Cons
1 H2 outlet pressure 1050 bar 9§ Relies orprecious metal
(may eliminate need for catalysts
compressor) 1 Requires ultrapure deionized
1 6580% voltage efficiency water
1 80C 1 Membrane durability issues

1 >99.9% H2 purity

SOEC Pros Cons
1 8590% voltage efficiency 1 H2 outlet pressure-20 atm
1 Can use nomprecious metal § 6007 900 C
catalyst (Ni) 1 Rampup time 2630 minutes
1 97-98% H2purity

Membraneless Pros Cons

1 Lower capital costs due to 1 60-73% voltage efficiency in
simple designs, less parts acid, up to 80% in alkaline

1 High stability without 1 H2 outletpressure 1 bar
membrane 1 Upto 99.8% H2 purity

1 Potential for high current 1 Must be carefully designed to
density prevent crossover and mixing

1 Electrolyte agnostic product gases

9 High solution resistance losse:

1.5 Dissertation Overview

PEM electrolyzers have gained significant attention in recent years due to tlitgit@b

dynamically operate with VRES, such as wind and solar power. The ability of PEM electrolyzers
to convert electricity from renewable sources idtdhroughwater electrolysisnakes them a

key technology for the energy transition. One of the primary benefits of PEM electrolyzers is
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their ability to operate at different power levels in response to variations in renewable energy
sources. As renewable energy sources can be higblynittent, the ability to adjust the power
output of PEM electrolyzers in reame can help to smootrid fluctuations ensuring a stable
and reliable supply of electricity. This ability to operate dynamically with renewable energy
sources is criticao the development of a reliable and eelectivelow carbon H economy.
FurthermoreH2 produced by PEM electrolyzers can be used as a clean fuel in fuel cell vehicles
or combined with other gases to produce synthetic fuels.

The dissertation is orgargd into five chapters, with each chapter focusing on a specific
aspect of dynamic PEM electrolysis and its integration with renewable energy sQinagter
2 delves into the methods for minimizing the cosHefroduction through dynamic PEM
electrolyss tied to the electrical grid, showing the importance of optimization strategies for cost
effective operation with variable electricity pric€&hapter 3 focuses on optimizing the design
of electrolyzers directly coupled with wind and solar energy systexasnining the challenges
and opportunities for integrating electrolyzers with renewable energy soGlagster 4 focuses
on the integration of dynamic electrolyzers with solar energy and desalination systems, exploring
the potential for coupling solanergy systems with PEM electrolysis and desalination
technologies using the waste heat of PEM electrolyzers to create a sustainable and reliable source
of energy and water. Finallhapter 5 conclues the dissertation withddsscussion of the
materials reearch needs necessary to enable durable dynamic operation of PEM electrolysis

systemsat scale.
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Chapter 2: Minimizing the Cost of Hydrogen Productionthrough

Dynamic Polymer Electrolyte Membrane Electrolyzer Operation

This chapter was published in Cell Repdtts.

2.1Introduction
Hydrogen (H) is a carboffree energy carrier that is expected to play an important role in global
decarbonizatior’® However, 95% of K consumed in the U.S. in 2018 was produced by steam
methane reforming (SMR), which was responsible for 3.2% of U.S. annual industrial sector
greenhouse gas (GHG) emissid& To decarbonize Horoduction, it will benecessary to phase
out SMR in favor of H generation by water electrolysis, which can be powered by renewable
energy. Although the levelized cost of hydrogen (LCOH) produced by water electrolysis is
currently greater than that from SMR, the gap is narrgwiranks to drastic cost reductions in
both solar and wind electricity production and the capital cost (CAPEX) of electrotyZers
Traditionally, electricity has been the largest cost contributor to the LCOH from
electrolyzers, which are typically operated at constant current defdffiéghe availability of
abundant lowcost electricity from variable renewable energy (VRE) may justify operating
electrolyzers at higher current densities, thus increasimyddluction so that the unit CAPEX ($
kg! H2) is decreased. The current study specifically investigates this scenario for dynamically
operated polymer electrolyte membrane (PEM) electrolyzenschware chosen due to their
potential for operating over a much wider current density range @A cni?) than commercial

alkaline electrolyzers (typically 0-10.4 A cm?).
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The electricity for electrolytiél2 production can come from a variety olisces, including
the grid, solar PV and wind energy systems, or a combination. Electrolyzers tied to the grid will
either receive electricity on the wholesale market or as a retail/industrial customer. Current
estimates of LCOH from electrolysis using geidctricity range from $2.16 Kgo $7.22 kgf,4%46
while the LCOH for electrolysis powered exclusively from solar photovoltaics (PV) ranges from
$6.16 kg'to as much as $15 Rg°4’ In order to reach cost parity with SMR at all scales, the
LCOH for electrolytic H must be reduced to $1 kg $2.27 kg, 44248 although the breakven
cost could be as high as $3.53%%gfavorable hydogen markets like TexaShe U.S. Department
of Ener gy assubsidzeddesdized cost of electricity (LCOE) for utiéiyale PV is
$0.03 kWht by 2025 and $0.02 kWhby 203d°, approaching the range of $0.01 to $0.015 kWh
! that is expected tbe necessary for electrolyticz Hroduction to become cost competitive with
SMR without carbon capture and sequestratioAlready, some areas in the U.S. with high
penetration of solar PV and/or wind are experiencing short time periodseMetncity supply
exceeds demand to the point where electricity prices become negative and VRE operators are
required to curtail the excess enefgffhe peak demand in California served by VRE operators
in May of 2019 was 41.8%, resulting in curtailmeff23,195 MWIP? With additional growth in
market share for VRE generators without concurrent growth in energy storage services, this trend
is expeted to increase in the futute

In this study, it was assumed that electrolyzers were powered usirgugptied electricity
and that plant operators had access toat@ad locational marginal prices (LMPs), which are
only accessible through the wholesale market since dynamic opedsjp@mds on access to
variable prices that are not afforded under existing retail rates. In a 2020 DOE study that compared

various electricity price participation models, from retail rates to wholesale participation,
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electrolyzers with wholesale market ass were shown to have the lowest OPEXhe
greenhouse gas emissions of the electrolytic hydrogen investigated in this analysis are thus tied
directly to the greenhouse gas intensity of the electrical grid.

The analysis presented here uses LMPs fror@#tiéornia and Texas Independent System
Operators (1SOs), which account for congestion and marginal loss, electrical losses during
transmission, and the system marginal ptfcEhe congestion component accounts for constraints
on the electrical systemnd the shadow price, which is the marginal cost savings from increasing
the capacity of the transmission system. Thus, this study assumes that the electrolysis plant has
access to the electrical grid without additional interconnection and transmissia cost
Accordingly, we developed a model that minimizes LCOH by determining current density profiles

based on variable electricity prices.

2.2 Model Rationale

As VRE penetration on the electrical grid increases, electricity supply may exceed demand,
resultingin very low electricity prices. VREs are ideal sources of electricity for water electrolysis
using PEM electrolyzers due to their low carbon footprint and the ability of PEM electrolyzers to
operate at high current densities when electricity prices areAs shown in Figre2.1a, PEM

el ectrolysisgapbl soh&vegua ai z ®+48Q0 pno) sobdelecttolyta g o f
membrane that is sandwiched between thelving anode and +kvolving cathode. The small

gap between the electrodesarPEM electrolysis cell is key to enabling current densities > 1 A
cm2 without incurring prohibitively large Ohmic losses. The operating current density of PEM

electrolyzers is typically -2 A cni?, although stable operation at current densities mudhehig
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than this is expected to be possible based oreffisttive modifications to the electrolyzer, such
as those described in Methods.

While the higher Hproduction rates enabled by high current density operation of a PEM
electrolyzer are attractive, such production gain comes at the expense of decreased energy
efficiency. As seen for typical currembltage (IV) and efficiency curves for a commercial PEM
electrolyzer Figure2.1b), higher current density operation necessitates higher operating voltages,
resulting in an inverse relationship between operating current dengjtarfd energy efficiency
(Figure2.1c). This relationship leads to a traoké between the CAPEX and OPEX contributions
to LCOH, where lower unit CAPEX is achieved at highgrahd lower unit OPEX at higher
efficiency. As VRE penetration on the electrical grid increases, electricity supply may exceed
demand during periods of peak sadad wind energy production, resulting in very low electricity
prices, as shown in Figu&ld. In Figure2.1d, it should be noted that the electricity price tends
to be strongly correlated with the net electricity demand, which largely determines tlesaldno
electricity price. Dynamicalhpperated electrolyzers could take advantage of TOU electricity
prices by increasing production during periods of abundanictmst electricity and decreasing
production during periods of high electricity pricésgure 2.1e). Note that in Figur@.le H
output is directly proportional to current de
PEM electrolyzer would operate at reduced energy efficienEigsrg2.1f) in order to increase
H2 output during perods o f |l ow el ectricity prices. Ener

reported using the high heating value and an enthalpic voltage of 1.48 V at standard temperature

and pressure conditions ger 2 See Figure.10 for the baseline, low angigh efficiency IV

curves.
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Figure 2.1. Hydrogen production can take advantage of the duck curve. a,b,c,d,e,f (a)
Schematic sideview of a single PEM electrolyzer cell. (b) Currertvoltage (V) and corresponding
efficiency curves based on experimental IV curves reported by Nel Hydrogen for PEM electrolyzers
containing 60 um thick Nafion membranes. Complete details found in Methods. The dashed
vertical line in (b) marks a typical current density of 1.7 A cn¥, which corresponds to an operating
voltage (Vop) of 1.75 V and electrolysis energy efficiency of 84% with respect to the higher heating
value (HHV) of Ha. (c) Qualitative illustration of the tradeoff between electrolyzer current density
and efficiency. Thispaper explores the hypothesis that daily fluctuations in electricity price and net
demand (d) can be harnessed by a dynamic electrolyzer that varies blutput (e) and energy
efficiency (f) to minimize the LCOH.

To determine the optimals) a technoecomnic analysis (TEA) model, described in
Methods, was developed to evaluate the impact of varying electrolyzer current density on LCOH
under TOU electricity pricing, compared to operating the same electrolyzer at a typical constant
current density of 1.7 Ana2.%° We aimed to address whether dynamic operation that varies with
TOU pricing could result in | ower LCOH over
much. We also examined how the average and maximum operating current densities piedicted b

our model differ from typical operating current densities in use today.
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Five electrolyzer operational modes were considered to capture the differences of dynamic
versus constant operation; Figur® 8hows representative current density profiles for exch
these modes. The basic steps for calculating LCOH under each operating mode are illustrated
schematically in Figur.3 and explained in Methods. In all modes, an hourly LCOH was
calculated as a function of c u rrangenof allovables i t vy
current densitiedNote that the current densities selected in Modes 1B, 3, and the high current
density in 2B are only illustrative as they are determined based on the hourly current density that

results in the minimum LCOH.
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Figure 2.2. Depiction of representative current density profiles for different electrolyzer
operational modes. a,b,c,d In Mode 1A (a), the electrolyzer runs at constant current density of 1.7 A
cm?for its entire lifetime. In Mode 1B (a), the electrolyzer runs at constant current density
between 0.1 and 6.0 Aciand Jpnghi S sel ected to minimize LCOH.
operation, the electrolyzer runs at a "low" state of 0.1 A crf and an "on" state at the rated current
density of 1.7 A cn?. In Mode 2B (c), the second binary option, the electrolyzer runs at a "low"
state of 0.1 A cn? and an "on" state, Jop nigh. Of @any one current density between 0.1 and 6.0 A ¢cm
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that minimizes LCOH. In Mode 3 (d), the electrolyzer J, can, at any hour, operate at any current
density between 0.1 and 6 A crithat results in the lowest marginal LCOH.

A Modes 1A & 2A B Mode 1B, 2B & 3
Select J,: Pick a current
Select J,: Pick a ct;rrent Determine Vop per hr: e 0.’1;pancll b Aucm-2
Mode 1A 1.7 Acm , | Deg.Rate (%) - Vo, (constramed by mode) i
Mode 1A: Moce 2A 01or17Acm?® J based on selected Apply Equations 10 & 11
repeat for to determine CAPEX, for
g andadd Repeation selected J
feach hour k degradation to IV each ®
PSR curve every hour allowable Installed cost (CAPEX
[ Operating voltage (V) } Jopand ! 9 Determine V,p per hr:
Mode ZfA: Apply Equations 2-9 to each hour Deg. Rate (%) - V., based on
repeat for {} Calculate LCOH k for n selected J,, and add
'mk
0.1 3“2" 1.7 : years degradation to IV curve
A cm?for Marginal LCOH Operating voltage (V,,,) every hour
each hour k (LCOH,,,) X oF
for n years e Apply Eq 1 to pick J,, that )
{} minimizes LCOH,,,, and, {} Apply Equations 2-9 to
using selected Jop for every Calculate LCOH,
hour, determine lifetime Marginal LCOH
Lifetime LCOH LCOH (LCOHy, )

Apply Eq 1 to pick J,, that
{} minimizes LCOH,, , and,
using selected Jop for every

hour, determine lifetime
LCOH

t Lifetime LCOH

Figure 2.3 Methodology flowchart. a,b. In all modes, a unique hourly LCOH wasalculated
per current density (fAmarginal LCOHO) based on
2A (a) use a fixed CAPEX since the maximum allowable,dis 1.7 A cm?. Modes 1B, 2B, and 3 (b)
have an additional optimization step to find the ideal ange of current densities that results in the
minimum LCOH. Complete details describing how simulations were performed are included in the
Methods section.

2.3Results and Discussion
2.3.1Reducing LCOH by Varying Operating Current Density
To illustratethe impact of ¢ on LCOH and the tradeff between the relative contributions of

OPEX and CAPEX to LCOH, we first applied our TEA model to a PEM electrolyzer operated

according to Mode 1B using the 2019 ERCOT hub average locational marginal price (LMP) data.

The resultingvalues of LCOH, CAPEX, and OPEX are showrFigure2.4 as a function ofog.
At low Jop, normalized CAPEX ($ k§Ho) is the main contributor to LCOH because lesssH

produced over the lifetime of the system and OPEX ($ Kg) is relatively low dued high
25
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electrolyzer efficiency at lowod However, increasingogresults in increases in lifetimezH
production and concomitant decreases in the CAPEX contribution to LCOH, while the OPEX
contribution increases due to lower efficiencieBigher Jp. These opposing trends in OPEX and
CAPEX contributions result in a minimum LCOH of $2.84kgorresponding to an optimal
current density of 2.6 A crh At higher electricity prices, the OPEX curve becorstper,

shifting the optimal sp closer to the 1.A cm? typically used for commercial PEM electrolyzers.
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o 1 2 3 4 5 &
Current density (A cm2)

Fig 2.4. Breakdown of OPEX and CAPEX contributions to LCOH as a function of current
density for Mode 1B. CAPEX is the primary contributor to LCOH below 0.8 A cm?. At Jo, = 0.8 A
cm2and above urit OPEX is the primary contributor. LMP data for ERCOT hub 2019 with an
average electricity price of $0.04 kWHh was used.

Next, minimum lifetime LCOHs were calculated for each mode described ime5ig; 2
and2.3 using the electricity pricdistribution from the 2019 ERCOT hub average &dehich
is characterized by an average price of $0.04 kevid a relatively large number of price outliers
reaching up to $5 kWh(seeFigure2.11). To capture a future where electricity demand and guppl

curves are similar to what they are today but mean electricity prices may be shifted up or down
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due to future carbon taxes or higher VRE pen

average prices of 0.00, 0.01, 0.02, 0.03, 0.05, 0.06 and 0.07 $ Rtdintaining the shape of the

distribution while varying the mean allowed us to simulate a future where electricity demand and

supply curves are similar to what they are today (i.e. maintaining the distribution's shape). Together

with the original LMP dga, eight distributions were used in the following optimization analysis.
Figure2.5 shows a comparison of the LCOHSs calculated by our TEA model for each of

the five operational modes Figure 3 for the eight ERCOT modified LMPEigure2.5a shows

the orginal ERCOT 2019 distribution as a histogram and box plot. Modd-igAie2.5b) shows

a linear increase in LCOH with increasing electricity price. ModeHigufe2.5¢) shows that as

the hourly average electricity price increases, the optimal consiai@clines. This means a high

average qp is only justified if the electricity price is low enough that the marginal decrease in

CAPEX resulting from increaseczdutput offsets the marginal increase in OPEX resulting from

lower efficiency. When operated Mode 2A Figure2.5d), the electrolyzer can achieve a lower

LCOH compared to Mode 1A as OPEX is minimized due to the high efficiency of hydrogen

productionat0.1 Act . Sel ect i opstat@rémaindcenstdnt as thedbavelage price of

electricity increases in Mode 24igure2.5d). In contrast with Mode 1B, Mode 2Biure2.5¢e)

employs higher average current densities at higher average prices because the electrolyzer can drop

to thetfatewat occasionally high prices, wher e

state constantly. Finallysigure2.5f shows that Mode 3 achieves the lowest LCOH out of all five

modes while operating at adhat is higher than that selected for Modealtl similar to that for

Mode 2B.
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Figure 2.5. LCOH and average J, for each electrolyzer operational mode. a,b,c,d,e,f. (a)
depicts the histogram of electricity prices for 2019 ERCOT hub average and its corresponding box
and whisker plot as an inset. Tle box shows the interquartile range (IQR), or the middle 50% of
values; the median is the line in the box and the black whiskers on either side of the box show the
cutoffs after which we consider values to be outliers (in green). The following plots (l§%), (d), (e)
and (f) show the LCOH and average Jop by average electricity price.

The differences in LCOH seen Figure 2.5 can be best understood by comparing the

optimal averageodvalues and frequency of optimaj Yalues for each of the differeoperational

modes. For Modes 1A and 2A, thg dever exceeds 1.7 A ctnwhile for Mode 1B, theod is

constrained to be the same current yeand. The relationship between LCOH and electricity

price is shown ifFigures 2.12 and 2.18igure2.6 showstie LCOH and hydrogen production for

each mode and average electricity price. In all modes, except for Mode hgddction is higher

than in Mode 1A (baseline). Mode 24 production is only 0.37% lower than Mode 1A. Mode 3

H. production results in a 155% increase over Mode 1A at 5 cents&Wita 333% increase at 2
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cents KWHh. This is because#production is directly proportional to current density according to
Faradayobés | aw of el ectr ol Mpliodiced duing [meriodseoslawl t s h
electricity price at high current density more than offsets the decreagwdddiction due to low

current density operation during periods of higher electricity prices.
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Figure 2.6. Hydrogen production for each eleablyzer operational mode. a,b,c,d,e,f. a)
depicts the histogram of electricity prices for the 2019 ERCOT hub average and its corresponding
box and whisker plot as an inset. The box shows the interquartile range (IQR), or the middle 50%

of values; the media is the line in the box and the black whiskers on either side of the box show the
cutoffs after which we consider values to be outliers (in green). The following plots (b), (c), (d), (e)
and (f) show the LCOH and hydrogen output by average electricity pde. In all modes except for
Mode 2A, H; production is higher than in Mode 1A (baseline). Mode 2A Kproduction is only
0.37% lower than Mode 1A.

For the lowest average electricity prices (< $0.02 Ky\the optimal & exceeds 3 A crf
approaching 6 A crhas the average price of electricity tends towards $0.0%WhMode 2B,

the 3p exceeds 3 A crafor average electricity prices < $0.04 kWrand only drops down to the
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low Jop value of 0.1 A crit during 44 hours of the year at aresage price of $0.04 kWto avoid
the highest electricity prices. For Mode 3, there is a much wider distribution of optpmaluks
that results in minimum LCOH for a given electricity price. At $0.00 KWthe electrolyzer runs
at 6 A cn? for 8,28 hours (95% of the year), and various current densities in the range of 0.3 A
cm?to 5.9 A cn? (for a total of 5% of the year). On the other hand, at $0.03%\i\k electrolyzer
runs at 5 A critfor 6,022 hours, 69% of the year, and a range of otlneemt densities from 0.2
to 4.9 A cn? for 31% of the year. Histograms of optimal current densities for Mode 3 operation
for ERCOT 2020 and CAISO 2020 are showifrigure2.14

To better understand the impact of the electricity price distribution on minimum LCOH
and optimal current density profiles for dynamic operation, simulations were also run based on
Mode 1A and Mode 3 for the following electricity price data sets for fonual nodal LMPs:
(i.) 2020 ERCOT hub averaggigure2.7a)®, (ii.) 2030 high wind penetration in ERCOFigure
2.7b)’, (iii.) 2020 CAISO using té Martinez nodeRigure2.7c)*®, and (iv.) 2030 projected high
solar penetration in CAISCF{gure 2.7d).>” As done with ERCOT 2019, seven average LMP
distributions with averages from $0.0 kWto $0.07 kWh', were employed in addition to the
original data. The projected prices assume a 30%-+ solar penetration and a catbmstating
in a higher average electricity price than CAISO 2020; this is showigure2.7d. The resulting
minimum LCOH values are shown in Figs/e-h as a function of the average electricity price for

each of the 4 electricity price profiles.
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Fig 2.7. LCOH for modes 1A and 3 by average electricity price and original histograms.
a,b,c,d,e,f,g,h Mode 1A constant operation LCOH v Mode 3 dynamic epation LCOH by hourly
average electricity charges for modified LMPs.
($1.15 kg' to $2.27 kg"), which is the cost of producing Hfrom SMR; $1.15 kg* corresponds to the
DOE6s H2A model f or algas steéara mdthane eeformingawith carbon capture
and sequestration (CCUS) and a natural gas price of $4.25 mmBtand $2.27 kg' corresponds to
$10 MMBtu* with CCUS.*8In all figures, Mode 3 operation achieves cost parity between $0-01
$0.03 kwh! while Mode 1A operation achieves cost parity between $0.00 to $0.02 kvaverage
electricity prices. The California 2019 energy mix included 7% wind ad 14% solar. California
2030 Limited Capacity is defined as 10% wind, 30+% solar penetrations and the VRE portfolio was
assumed to not cause early retirement of neNRE power plants. The Texas 2020 energy mix
included 23% wind and 2% solar. Texas 2030 Lirted Capacity is defined as 30% wind and 10+%
solar penetrations. The boxplots irFigure 2.11 show the full range of the distributions andFigure
2.12shows the full range of all nodes depicted here. Note that to display the majority of the values
at greater clarity, the maximum range shown is constrained to $0.15 kWh

When the electrolyzer is operated according to Mode 1A, the resulting LCOH estimates
are found to be insensitive to the electricity price distribution (Rigs:h). In each case, a LCOH
of $1.02 kg' is predicted when the electricity price is set to 8&k®/h?, and is shown to increase
linearly up to a value of $4.50 ®gfor an hourly mean electricity price of $0.07 kWh
corresponding to the 2020 average U.S. industrial customé?. rktés also shown that H

production by electrolysis based on Mode 1A does not reach cost parity with SMR until the average
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electricity price drops below $0.03 kWhwhen simulations are #in for dynamic electilyzer
operation based on Mode 3, LCOH is found to be lower than that for Mode 1A for electricity prices
in all electricity data sets. At an average electricity price of $0.0k\WhCOH of $0.38 to $0.54

kg can be achieved (63%47% lower than ModeA); operation based on the Martinez, CA 2020
electricity price distribution yields the lowest LCOH due to the relatively high frequency of low
and negative prices. For an average electricity price of $0.03'kMfbde 3 LCOH increases to
$2.23 to $2.34 k¢, with the CAISO 2020 price distribution again producing the lowest LCOH. A
LCOH of $4.40 to $4.47 khwas calculated for mean prices of $0.07 kWWFhe gap between the
curves for Modes 1A and 3 widens at lower electricity prices because the margmnad bla

output for high current density operation increasingly outweighs the marginal penalty for operating
at low efficiency. The implications of Mode 3 for electrolyzer operation are shokigune 2.14

which displays the distribution of current ddies selected in Mode 3 for the Texas 2020 and
California 2020 datasets. The reduction of electrolyzer efficiency at high current densities also

results in increased heat generation, which can be used to power a coupled water demineralization

unit>®,

2.3.2 Sensitivity Analysis

A sensitivity analysis was performed using the original Martinez 2020 LMPs for both constant
(Mode 1A) and dynamic (Mode 3) operation to understand how expected variations in electrolyzer
degradation rate, CAPEX ($ k¥, and electrolyzer energy efficiency influence LCOH. The
results are shown iRigure2.8, which portrays a onat-a-time parameter change, aRijure2.9,

which compares the effect of degradation rate on LCOH for Modes 1A and 3.
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A future electrolyzer CREX of $297 kW is used as the lowest CAPEX in this sensitivity
analysis; this is the value projectedltagadec et al. foPEM electrolyzer manufacturing output
of 1,000 (1 MW) PEM units per ye&8t As shown inFigure 2.8a for constant current operation
(Mode 1A), a 25% LCOH reduction can be achieved when lowering CAPEX from the baseline of
$898 to $297/kW for an average electricity price of $0.03 &Wihile only a 2% reduction in
LCOH can be achieved if the degradation rate is lowered t&©1@®0 hrt from 0.15%, and a
3% savings can be achieved for increasing the electrolyzer efficiency to 87% from 84G4pu.
A high degradation rate of 1% 1000'mesults in a 20% increase to the LCOH. For dynamic
operation Figure2.8b), there is a 25% savinfyg low CAPEX, a 3% savings for low degradation,
and a 7% savings for a higher efficiency electrolyzer. This happens because higher efficiency
means lower voltages at high current densities, which reduces the power required and thus
decreases OPEX. In atldn, higher efficiency enables higher current density in dynamic
operation, and thus increases the gains from a more efficient electrolyzer. The most significant
reductions in LCOH are expected through advances in electrolyzer manufacturing that can redu
CAPEX below $300 kW. Figure2.16 shows CAPEX can be increased 1.3 times for Mode 3
operation to $1,194 kWusing original CAISO 2020 data before reaching the LCOH of Mode 1A
operation at $2.71 kfy A high degradation rate of 1% 1,000'tior dynamtc operation results in
a 21% increase in LCOH. For both Modes 1A and 3, drastic CAPEX reductions offer the greatest

potential for decreasing LCOH.
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A Constant operation
Baseline LCOH ($2.71 kg™)

Degradation rate (0.05 / 0.15 / 1 %/1000 hr) $2.64 _
$3.39
$2.02 i
PEM electrolyzer CAPEX (5297 / $898 / $1,299 $/kW) — $3.16
PEM electrolyzer efficiency (87% / 84% / 79%) $2.63 _ $2.89

$2.00 $2.20 $2.40 $2.60 $2.80 $3.00 $3.20 $3.40
LCOH ($ kg)

B Dynamic operation
Baseline LCOH ($2.45 kg™)

Degradation rate (0.05/0.15/ 1 %/1000 hr) $2.39

PEM electrolyzer CAPEX ($297 / $898 / $1,299 $/kW) — $2.79

Ls1.85 i

PEM electrolyzer efficiency (87% / 84% / 79%) s221 — $2.65

$1.80 $2.00 $2.20 $2.40 $2.60 $2.80 $3.00
LCOH ($ kg™')

$3.10

Figure 2.8. Sensitivity analysis. a,b. (a) Effect of electrolyzer degradation rate, CAPEX, and
efficiency on the levelized cost of Hfor Mode 1A operation and (b) Mode 3 operation. The purple
boxes to the left of the baseline indicate parameters resulting in LCOH below the baseline, while the
green boxes to the right of the baseline indicate parartexs resulting in LCOH above the baseline.
The baseline values are in the center and are as follows: degradation rate of 0.15% per 1000 hours,
CAPEX of $898 kW and efficiency of 84%.

Due to concerns that dynamic, high current density operatigmt adversely affect
electrolyzer life, an analysis of the potential impact of degradation rate on LCOH was carried out
for both constant (Mode 1A) and dynamic (Mode 3) operations. Degradation rates between 0.05%
and 1% of \{p per 1000 hours were appliedurly to the operating voltage 4 hourly time series.
Applying the degradation rate as a percentage,ph&s the effect of scaling degradation with J
such that the absolute value of the degradation was higher for higher current densities. Gdmmerci
PEM electrolyzers operating betwerl and 2 A crif experience a degradation of 0.15% every

1000 hour&. Figure2.9a shows that dynamic operation can tolerate a degradation rate up to 0.50%
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1000 hourd before reaching the LCOH of constant operatibtha standard degradation rate of
0.15% 1000 hours While the impact of high current density operation on the degradation rate of
a PEM electrolyzer is uncertain and an ongoing topic of investigation, this analysis shows there is
some financial toleramcfor an increased degradation rate. Z&p shows that Mode 3 lifetime

H2 production decreases more significantly for degradation rates > 0.50% 1000 $iogesthe
maximum threshold voltage of 2.9V is reached and lower current densities must bedselect
Mode 3. For Mode 1A, degradation rates > 0.55% 1000have a similar adverse effect on

electrolyzer life and lifetime Hproduction. See Methods anBigure2.17).
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Figure 2.9. Impact of degradation rate on the LCOH. a,b. (a) Impact oélectrolyzer
degradation rate on the LCOH for Mode 1A and Mode 3 operation for $0.03 kWt average prices
based on the CAISO 2020 electricity price distribution. The upper dashed line indicates the LCOH

at a rated degradation rate for an electrolyzer operting between 1 and 2 A cii at a reference
degradation rate of 0.186 per 1000 hours, and the lower dashed line indicates the LCOH at the
same rate for dynamic operation. The star indicates that dynamic operation can sustain a
degradation rate of 0.50% perl1000 hours before reaching the LCOH of constant operation at the
rated degradation rate of 0.15% per 1000 hours. (b) shows that lifetime cumulativeldtarts
declining at degradation rates above 0.50% for Mode 3, and above 0.55% for Mode 1A. At those
degradation rates the terminal voltage of 2.9V is reached and no further Hs produced.
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2 4 Practical Implications of Dynamic Operation

The topic of degradation has recently attracted new research. NREL is experimentally
investigating the impacts of vabke power operation on electrolyzer stacks, identifying the root
causes of degradation in commercial cells and using that knowledge to guide the design of
optimized cells for higher current density operation in a new (202%) $3.6 million Electric
Hydrogen Co. project? The practical implications and challenges associated with dynamic
operation of the electrolyzer include accelerated membrane electrode assembly (MEA)/stack
degradation and the need for larger balance of system equipment, includingeyesgors and
power electronics.

Degradation in PEM electrolyzer performance can result from several different
mechanisms. At current densities greater than 2 A @xperimentation has shown that high cell
voltages result in the formation of low conduity oxides on the surface of the titanium current
collector, resulting in larger ohmic drops during operatiom separate studies, accelerated
degradation tests involving on/off cycling of the PEM electrolyzer have highlighted tHenaan
rate of aegradation over timeGrigoriev et al foundhat a series of on/off galvanostatic cycles
between 0 and 1 A cfcaused the performance of the PEM electrolysis cell to gradually decay
before a rapid increase in voltage occurred around 5500 hours of op&ta#ditionally, they
reported that the cell voltage increased almost linearly for the first 4000 hours, after which the
voltage increased more rapidly between 4000 and 5000 hours (8 mV every 100 hours) and 40 mV
per 100 hours for the last 500 hours of @pien. The anode in a PEM MEA is typically iridium
oxide on titanium and the cathode is platinum on carbon. Gigoriev et al used platinum at the anode

rather than iridium oxide to accelerate the degradation in the testmBdsim analysis of the
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MEA showael that dissolution/precipitation of the anode catalyst particles inside the membrane
significantly increased cell voltage due to the loss of activity at the &hode.

Another degradation mechanism in PEM electrolyzers is membrane thinning, which occurs
dueto the gradual chemical attack of the membrane by radical species and is accompanied by
release of fluoride ions in the case of perfluorosulfonic acid (Pf¥&8¢d membranes such as
Nafion. These radicals are generated from hydrogen peroxide, a mipardret at the anode,
which can decompose due to the presence of impurities, such?*asr Frarticles formed by
redeposition of corroded catalfsl. N Gr i gor i e v 6-415smémbine thickndgsewaN a f i o
observed to decrease from an initial thickndss40 pm to 35 um after 5500 hou¥sOther issues
with membrane thinning include the prevalence of hot spots anrdrgssover or permeation,
which becomes a safety concern below 20 jitlembrane perforation also occurs as a result of
PFSA chemical degradation and membrane thinning. To atetigome of these membrane
degradation issues, thick Nafion N117 with ap
used, although membrane t hi cEHOnBggagnatdlinedahin| ow a s
membranes, however, need to be mechanically stabilized to prevent tears and delamination of the
electrodes, and can be expected to be more prone to developing perforations. Redesign of the
porous transport layerith more support for the membrane is vital to handle the reduction in
membrane thickness. Another failure mechanism at high current densities is the accumulation of
oxygen gas bubbles in the pore bodies of the porous transport layer, which preventsomater
reaching the catalyst sites, thus increasing mass transport overpotentials and leading to non
uniform current distribution® Also, a higher production rate may lead to large localized
pressures, aszHnust escape through small channels in the gas diffusion electrode in order to be

released.

37



As iridium is an extremely scarce resource, research aimed at reducing Ir loadings and
minimizing degradation of the anode during operation is a crucial areadyf sbading today is
2-3 mg cn?, but it is possible to reduce to < 1 mg €Rfor Bookmark not defined. O the anode
especially, welldispersed catalysts are key for penmhance at low loading as increased current
density increases the dissolution rate, requiring high loadingtahg cn¥. Also, nanostructured
and conductive antimonrgloped tin oxide microparticles have been shown to reduce Ir loading by
90%°% To enablehigh current density operation at the anode, deposition of protective Pt coatings
of > 1 mg cn¥ over porous transport layers and bipolar plates have been found to be effective at
minimizing formation of the resistive titanium oxide lay&trSuperhydrophilic surface treatment
of a sintered titanium porous transport layer by a process previously used to enhance the cell
adhesion of titanium implantsas been shown to reduce cell voltages associated with current
densities up to 9 A crhand prevent runaway voltage above 8 A%dny delivering water to the
catalyst coated membrane via corner flow, even when the vast majority of the PTL pore bodies are
occupied by oxygen g&8The more uniform distribution of oxygen gas saturation in the treated
PTL reduces the formation of watstarved regionshait could become local hotspots.

To summarize the above literature review and analysis, there are a number of engineering
solutions that can be implemented to enable more robust operation of PEM electrolyzers at higher
current densities, including but niimited to (i) the use of porous transport layers and bipolar
plates that minimize Ti oxidation, (ii) catalyst coated membranes can help ensure that all ionic
resistance pathways are minimized, (iii) serpentine channels for the anode can help to uniformly
deliver sufficient water flow rates to the catalyst layer to prevent hot spots and dehydration of the
membrane, (iv) a carbdmased gas diffusion layer on the cathode that helps prevent hydrostatic

pressure from building up at the cathode by rapidly ea@og the increased 2H (V)
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superhydrophilic surface treatment of a sintered titanium porous transport layer to deliver water to
the catalyst coated membrane, and (vi) wiepersed catalysts at loading e#3ng cm? and / or

the use of nanostructureddanonductive next generationdtloys that can be used at lower Ir

|l oadi ngs. Al t hough t hese solutions ar e not
electrolyzers, individual demonstrations of these approaches highlight the potentiahgpreer

a PEM electrolyzer that is capable of stable operation at substantially higher operating current

densities than those that are employed today.

2.5 Policy Implications

As the algorithm for dynamic operatiomroduced here selects the currdensity at each hour

that minimizes LCOH, it is essential for dynamic electrolyzers to have access to hourly wholesale
electricity prices. Althougmore than 70 utilities in the U.S. offer raahe pricing tariffs on either

a pilot or permanent ba&fsmost electrolysis facilities do not currently have access to wholesale
rates. Electrolyzers may obtain access to the wholesale market with the passage of Federal Energy
Regulatory Commission (FERC) Order 2222 in September 2020, which grants access to
distributed energy resources provided they can be aggregated to meet certain performance
specificationsBased on our analysis, ISOs seeking to balance high penetrations of intermittent
VRE should consider the value of:ldnergy storage to the grid and suppdedc&olyzer
participation in the wholesale energy market. Dynamic electrolyzers powered by PV or wind
generators and coupled withturbines or fuel cells have the potential to participate in the
wholesale market by inexpensively storing electricity akp€RE generation times and feeding

electricity back to the grid at times of low VRE generation. They can also serve as a source of
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weekly, monthly or seasonal energy storage, which is likely the greatest valutodhkl grid in
scenarios of very highRRpenetratio®°

This study establishes the economic rationale for designing and deploying PEM
electrolyzers capable of dynamic operation to take advantage of abundant VRE resources and
associated variable electricity pricing. It is alsstablished, through sensitivity analysis, that
premiums on electrolyzer CAPEX and slight increases in degradation rates are justified for
electrolyzers capable of high current density operation as long as electricity with average prices
below $0.03 kWit is available. In these scenarios, the increaseslibput enabled by high current
density operation offsets the premium on total CAPEX, and the increased OPEX costs from lower
efficiencies. By taking advantage of low electricity prices during periodgbfWIRE penetration,
the LCOH from electrolysis can be significantly decreased to achieve cost parity with SMR
produced Hin the near term

Our findings therefore suggest that in order to reduce LCOH from water electrolysis most
effectively, future R&D efbrts be geared towards decreasing electrolyzer system CAPEX below
$300 kWfor both constant and dynamic operation. Towards this end, future R&D efforts should
be focused on approaches that reduce PEM manufacturing costs and enable reliable PEM

electrolyzr operation under dynamic conditions and high current densit@# (&?).

2.6. Resource Availability

Lead contact: requests for further information should be directed to the corresponding authors Dan

Esposito (le2300@columbia.edland Vasilis Fthenakis/inf5@columbia.edu

2.7 Materials Availability
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No materials were used in this study.

2.8Data and Code Availability

All code was developed in Jupyter notebook 6.1.4 and executed in Google Colab. In addition, the
code was parallelized and run on a hpgrformance computing cluster at Columbia University.
Computer code and input data are ald# in an open access Github repository here:

https://qgithub.com/mv2731/PENIEA-public.

2.9Model Framework

The LCOH is computed as the sum of the lifetime cokthe electrolyzer system divided by the

amount of H produced within a period ofyears:

2 20

UOUOBda 5 -

(2.1)

where the costs of producing h each year is determined by the sum in the numerator, and
annual H production (rH2,i,) in the denominatoRPWHF is the present value factor for yeawhich

is computed for a chosen discount rajeaid used to discount the costs incurred for years<0 <

n. In this study, electrolyzer system lifetime was set to n = 10 years, and it was assumed that all
CAPEX was incurred in year 0 and given by the product of the power capacity of the electrolyzer
(Pe rateq in units of KW, which is based dnerated Jdpand \bp, as defined in th¥lethodssection)

and the capacitpormalized upfront capital coSf€APEX) in units of $ kW, The yearly OPEX
(OPEX) is given by the sum of the hourly OPEX&PEX) each year, which is calculated by
multiplying hourly R atedby the price of electricityGe, in units of $ kwh). Note that in this

model OPEX comprises only the electricity cobhis is consistent with other electrolysis studies,

which define OPEX as the cost of electricity
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Equation (1) can be used to calculate LCOteatly for conventional operation based on
a constant current density but becomes-tnimial for variable electrolyzer operation under TOU
pricing because current density is optimized based on fluctuating future electricity prices. Thus, a
spectrum of maginal LCOHs [{COHm), based on current density, was determined for allowable

electrolyzer & values for each hour k, according to:

060D T 9 & 2.2)
wheremuzmkis the amant of H produced in houk at the chosenogwhere, depending on the
mode, dpwas allowed to range from 0.1 to 6.0 Aén©Once LCOhhk had been determined for
all possible & options, the optimalod was selected as the value that resulted in the smallest
LCOHmk CAPEXnk OPEXnk andO&Mmkrepresent the marginal CAPEX, OPEX, and O&M,

respectively, for each holr These marginal costs have units of $ &and were calculated using

Equations 2.3)-(2.5):

600G 67 DpQ 24)
0Q0 606 0 OB (25)

where CAPEX is the upfront cost incurred in year 0 andsthe total electrical power
to the electrolyzer, which is given by the productdpfthe total electrode areAd), and the
operating vdalage Vop). Ce.xkwas obtained from historical data (locational marginal prices
(LMPs) in the Day Ahead Market from each node). The rated operating power of the electrolyzer

(Pe,) is given by the product of the rated current densify), 1.7 A cn?, ard the
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corresponding rated voltag®d,r), while the operating poweP§) for all other current densities
is computed as the product ofp dnd Vop:

Op O J0 oW j (2.6)

0 & 20 2w (2.7)

The annual electricity OPEXOPEX), is given by the sum of the hourly OPEXes
(OPEXn each year, which is calculated by multiplying hourty & P=, depending on the mode,
by the Cek. Knowing the optimal of for each hour, the lifetime LCOH was calculated using
Equation2.1 by summing the corresponding hourlyiamxy, CAPEXnkx OPEXnk, and O&Mnk

each year.

Common Input Parameters and Assumptions for all Operating Modéssumptions included a

10 MW PEM electrolyzer system based on thg dnd \epr with an operation life of 10 years.
The present worth factor (PWF) was calculated based on a discount rate of 10% and applied at the
end of each year. The electrode ar i cn?was assumed to be fixed for all modes and based
on the rated electrolyzer power capacity (10 MW) divided by thead 1.7 A cn? and the
corresponding voltag&/p,r) from the IVcurve (1.75 V foithe baseline efficiency):

h h

The amount of blproduced in yeair, mu2,i, is similarly given by theum of the amount of

H2 produced per hour (i) , which is calculated wusing Far a
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selected g} for that hour. The rate of4p r oduct i on was <cal cul ated ba

electrolysis:

o hh 5 (2.9)

where F is the Faraday constant and the 2 in the denominator accounts for the
stoichiometric number of electrons transferred pemtelecule evolved through the hydrogen
evolution reactionkp and correspondingddvalues for the baseline efficiency case were based on
experimental currentoltage curves reported by Nel Hydrogen forrBizron proton exchange
membrane (PEM) electrolyzers (degure2.2)’!, and data by Mayyas efalEfficiencies in this
paper were reported using the high heating value (HHV) and an enthalizige of 1.48V at

standard temperature and pressure conditions pet-. See Figur®.10 for the baseline, low and

high efficiency IV curves.

For instances whereplvas allowed to range higher than a standard rated current density
of 1.7 A cm?(Modes 1B, 2B and 3), a premium waaqed on the CAPEX, by assuming that 26%
of the total CAPEX increases proportionally to current density where the maxigpisrabove
1.7 A cm?, as shown in Figre 2.6 and Equation.10 and2.11 in the following paragraph. For
all operating modes, a cwtative degradation rat®R) of 0.1%% of cell voltage per 1000 hours
was assumed, consistent with reported degradation rates for PEM electfalyxepdying the
DR as a percentage of the operating voltage had the effect of scaling DR proportiosainteJ
Vop increases withod; thus higher ¢y was assumed to entail higher degtamtarates. After each
hour of operation, the electrolyzer IV curve was shifted to higher voltages by an amount equal to
D R oAAN upper limit or threshold ond¢was set to Max= 2.9 V, above which electrochemical

generation of ozone or other reactiogygen species at the anode can prematurely accelerate
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electrolyzer degradation by damaging the membrane, ionomer, and/or other components, as

reported by Nel Hydrogen. If for some hduthe voltage for aod was greater than or equal to

Vmax, then thate¢h was removed from consideration for the range of current densities examined per

hour through the remaining hours of the simulatiéigure 2.7 shows how degradation is applied

to the IV curve for each current density over
For Modes 1B, 2B, and 3, the electrical balance of plant component of CAPEX (igBOP

and phase separators and dryers (Phase Separators,nEWyevere simulated to increase

proportionally with current density above 1.7 A€dlue to anticipated modifitions required to

accommodate high current density operation. Based on a bogi@nalysis from the 2019 DOE

H2A calculator, this study assumes that 26% of the total CAPEX (§ kdurresponding to larger

EBOP (17%), and improved phase separators aetsl(9%), increases linearly with the current

density above 1.7 A ci(See Figre 2.15.

060 ™ X060 6 0 'Cdd O0 Jw (2.10)

0@ i QN i 608 i Qlyyl 18T WO 0 O T, ) 5 0% (2.11)
Thus, a new CAPEX was calculated for each current density above 1.7 i 6m A cm
2 intervals up to 6.0 A cri The maximum allowablesdat which the electrolyzer could operate
was iteratively decreased from @&G@m?in intervals of 0.1 A cm in order to find the range that
minimized the LCOH for a given TOU price dataset. Accordingly, a maxinpwa$ determined
for each mode for which the electrolyzer was permitted to operate above 1.7 Gesfigure
2.13). Figure 2.16shows the impact of CAPEX increase on LCOH in Mode 3 versus Mode 1.

Tables2.1 and 22 summarize the TEA model parameters and underlying assumptions.

45



Methodology for All Operating Modedn all modes, the LCOHlk was calculated per Equation 2

with the only difference being the allowable current densities. To calculate the lifetime LCOH, per
Equation 1, the minimum LCQOkk for each hour of the year was selected and the CAREX
OPEXnk and O&Mnk associated withaeh of the LCOm « were summed in the numerator and
the my2mkassociated with each of the LC@kwere summed in the denominator. Equati®a®
and2.11 were used only for Modes 1B, 2B and 3 where éhealild > 1.7 A crifto determine

CAPEXo.

For Mock 1A the d was a constant 1.7 A ¢tnFor Mode 1B eachygfrom 0.1 A cn¥to
6.0 A cm?? was treated as constant, the lifetime LCOH calculated for each, and the cosstant J
resulting in the lowest lifetime LCOH selected. Binary Mode 2A LCOH was caézllay
comparing the LCOHk for 0.1 A cm? and 1.7 A crif, while binary Mode 2B LCOH was
calculated by allowing for 0.1 A cfand one otherodin 0.1 intervals from 0.1 A crito 6.0 A
cm?2. Mode 3 LCOH allowed anysgdbetween 0.1 A crhand 6.0 A crf for every hour of the

year.

Electricity Price Data SetsHistorical LMPs for CAISO and ERCOT were obtained from

CAlI SO6s and ERCOT6s websites and projected
Laboratory stud3?°”°8, These electricity price distributions were used to create additional
Aimodi fPeda, LMy shifting all hourly prices such
to a target value that ranged between $0.07 k¥¢h$0.00 kwht (Figures 25, 2.6, 2.7. The

sensitivity analysis used original Martinez 2020 LMPs with an average @i$0.03 kWH.
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2.11Appendix A

2.11.1Figures
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Figure 2.10. Polarization curves. Related to Figure2.1 and Methods. Operating voltage
values for the baseline energy efficiency case were based on experimental curresitage curves
reported by Nel Hydrogen for 6Gmicron proton exchange membrane (PEM) electrolyzer$ and
data by Mayyas et aF® The scatter points shav original data and the curve shows the predicted

data using a nonlinear regression.
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Electnicity price distributions
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Figure 2.11 Annual histograms and box plots of nodal LMPs. Related to Figure3.4-2.7.
Each box shows the interquartile range (IQR), or the middle 50% o¥alues; the median is the
orange line in the box; the black whiskers on either side of the box show the range of lower and
upper values that are not outliers. The outliers in green are any data beyond the whiskers.
Electricity price data is displayed in oy scale and does not include negative values.
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Figure 2.12 LCOH minimum for Mode 3 and LCOH maximum for Mode 1A for ERCOT
2020, ERCOT 2030, CAISO 2020, CAISO 2030 minimum. Related to Figurd$ and2.7. The
optimal current density range is wherethe LCOH is the minimum. Mode 1A max is the Mode 1A
maximum of the three nodes and Mode 3 min is the Mode 3 minimum of the three nodes.
Horizontal gray band shows the range of the cost of producingHf r om SMR, ASMR parity
is between $1.15 and $272kg™.
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Figure 2.13 Price-optimized maximum current density dependence on electricity price.
Related to Figures2.5-2.7. The maximum current densities shown in this plot are those that
resulted in minimum LCOH based on a tradeoff between OPEX (electricity costs) and electrolyzer
system CAPEX (which was assumed to vary with maximum current density according to Figure
2.15. Mode 3 electrolyzer operation was simulated using the CAISO 2020 LMPs for the electricity
price distribution.
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Figure 2.14. Optimal hourly current density by average electricity price histograms and box
plots of nodal LMPs. a,b. Related to Figte 2.7. Box and whisker plots showing the distribution of
optimal hourly current densities in Mode 3 for each average electricity price of the ERCOT (Texas)
2020 and CAISO (California) 2020 modified LMPs. The boxes show the interquartile range; the
median current density is indicated by the yellow horizontal line within the box; the black whiskers
on either side of the boxes show the range of lower and upper values that are not outliers, and any

data beyond the whiskers are outliers and are shown in greemhese graphs show a high frequency
of current densities selected close to the maximum allowable current density of 6 A érior
electricity prices < $0.02 kWh'! , and that the range of optimal current densities is the greatest for
an average electricity pice of $0.3 kWh! for ERCOT 2020 and $0.02 to $0.04 kWhfor CAISO
2020. This figure also shows that as the price of electricity declines, optimal current densities
selected increases to a maximum of 6 A chat $0.00 for both ERCOT 2020 and CAISO 2020.
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CAPEX by current density
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Figure 2.15 Related to Figures2.4-2.7. The maximum current density is shown to range
from 0.1 to 6.0 A cn?. As the max current density increases the total CAPEX increases. This
CAPEX increase is shown as a multiplier over the baseline CAPEX, assurgithat 26% of the
CAPEX, corresponding to larger capacity power electronics, phase separators and dryers, and

larger wires, would increase linearly with the current density above 1.7 A crth Thus, if the
electrolyzer is permitted to operate at 6 A crd, the CAPEX will be twice (2x) the baseline CAPEX
of the electrolyzer operating at 1.7 A crm.
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Figure 2.16 Impact of CAPEX premium for high current density operation on LCOH in
Mode 3. Related to Figure.4-2.8. A LCOH of $2.71 kg' is achieved at Mode 1A operation. The
black curve and intersecting star show that the uninstalled CAPEX can be increased up 1d33
times for Mode 3 operation before LCOH reaches parity with Mode 1A operation. Electricity price
data is the original CAISO 2020 LMP with an average electricity price of $0.03 kwh
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Fig 2.17. Impact of degradation by current density over electrolyzer lifetime. a,b. Related to
Figures 2.8-2.9 and Methods. (a) shows the increase in operating voltage over the full lifetime of 10
years for Mode 1A operation and (b) shows the increase in operatingltage over the full lifetime of

10 years for Mode 3 operation for CAISO 2020 at an average electricity price of $0.03 kWWhEach

l'ine is one year in

t he

electrolyzer 6s-

10

commissioned electrolyzer ad the 11" line representing the end of life IV curve at the end of 10

years. The operating voltage for Mode 3 is greater at the end of life than Mode 1A because the

degradation rate was applied hourly to the operating voltage, which is higher for highercrent
densities (allowed in Mode 3 but not in Mode 1A) and applied to the full IV curve.
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2.11.2Tables

Table 2.1 Parameters used in the techn@conomic model

Symbol Parameter Value / Unit Reference / Notes
Jop,r Rated current density 1.70Acm? 71
Vopyr Rated voltage 1.74V 71
Jop Operating current A cm? NA
Jopmk Hourly marginal operating current| A cm2hr? NA
Vop Operating voltage V NA
Vopm,k Hourly marginal operating voltage| V hr? NA
V max Maximum voltage 2.9V Experimental
(AVol tage thres observation from Nel
W Watts W NA
Ae Electrode area cm? Eqgn2.6, Chapter 2
Pe.r Power required based on rated | kW Egn2.7, Chapter 2
current and rated voltage
Pe,m Marginal power required kw Eqn2.8, Chapter 2
Cek Hourly electricity price $ kwh-1 72
73
74
n Number of electrongansferred in | 2 NA
the electrochemical reaction per
mole of B
F Faradayb6s const |96,485C mol NA
d Efficiency 71
55Error!  Bookmark
not defined.
rd Degradation rate 0.15% 1000 75
hourst!
CAPEXi=0 Upfront CAPEX $ NA; CAPEXi>0)=0
OPEX Annual electricity cost for yeari | $ yr! Electricity cost
O&Mi Annual operations and maintenan| $ yr?! NA:
for year i nonelectricity costs
Mh2,i Annual kg of hydrogen production| kg yr? Egn2.1, Chapter 2
CAPEXmk Hourly marginal capital expenditul $ hr? 109 Eqn2.3, Chapter 2
O&Mm Hourly marginal operations & $ hrt 43. Assumed to be 59
maintenance of CAPEXmk, Eqn24,
Chapter 2
Mh2,m k Hourly marginal rate of hydrogen | kg hr? Egn2.9, Chapter 2
production
LCOH Levelized cost of hydrogen $ kgt Egn. 2.1 Chapter 2
LCOHmk Hourly marginal levelized cost of | $ kgthr? Egn2.2, Chapter 2

hydrogen
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LCOHm,min Minimum marginal levelized cost | $ kgthr? Egn2.4, Chapter 2
of hydrogen
OPEXnk Hourly marginal OPEX $ hrt Egn24, Chapter 2
PWF Present worth factor NA
EBOP Electrical balance of plant $ (17% of 109 Egn2.11, Chapter
CAPEX) 2
Phase Phase separators, dryers $ (9% of CAPEX)| 109, Eqn2.12, Chapter
Separators, 2
Dryers
Table 2.2 Assumptions used in the techn@conomic model
Assumption Reference
Distributed grid PEM electrolysis 109
The availability of negative electricity prices 76,77
Electrolyzer capacity of 10 MW 109

(10) 1 MW stacks sharing 1 balance of plant (BOP))

Voltage threshold of 2.9V

(above the voltage threshold it is assumed electrochemical genera
of ozone or other reactive oxygen speciesiozat the anode that can
chemically degrade the membrane, ionomer, and other componen

Experimental observation
from Nel

Electrolyzer system life of 10 years 43
Discount Rate of 10% NA
Baseline uninstalled CAPEX of $755 k¥2020 USD$) 109
Baseline installed CAPEX of $898 k#2020 USD$)

Low Installed CAPEX of $297 kW/(2020 USD$) 60, 55
(1 MW PEM at 1,000 units per year; includes installation cost of 33

and markup of 50%)

High Installed CAPEX of $1,299 per kW (2020 USD$) 60, 55

(200 WV system at 10 units per year; includes installation cost of 3
and markup of 50%)
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Effective installation factor of 19% (A 12% installation factor is
applied to the stack capital cost and electrical BOP cost, while a 4{
installation factor is applied to the mechanical BOP.)

Electrical BOP includes a 43% markup and a 20% equipment cost
modifier based on a botteop analysis. Mechanical BOP does not
include a markup based on a bottamanalysis. Stack cost does not
include a markup and is based on a Design for Manufacture and
Assembly (DFMA) analysis done in Aspen. A production rat@Qsf
MW for distributed PEM systems per year is assumed.

109, 78

Total system cost = stack system cost + mechanical BOP + electri
BOP

Uninstalled stack system cost of $1.30%ior $439 kW! based on
rated operation of 1.7 A cA($1.30 / (1.7Acm? x 1.7V) x 1000
WI/KW)

Uninstalled mechanical BOP cost of $139 k{#ased on $239 Ky
day! and peak production rate of 5,815 kg H2 Hayrated current
density and 10 MW system)

Uninstalled electrical BOP cost of $121 W

Total system cost £€439.49 + $139.19 + $121) (2016USD) x 10,00
kW

= $6,996,809 for 10 MW PEM (2016USD)

(inflated to 2020 USD: $473.92 + $150.10 + $130.48)

= $7,545,000 (2020USD)

109

Operations and Maintenance (O+M) cost of 5% of the uninstalled
CAPEX applied annually for electrolyzer lifetime

43

Baseline Efficiency of 84% with regard to (wrt) HHV, correspondin
a voltage of 1.75V at 1.7 A cfrand an enthalpic voltage of 1.48V at
STP

71Error! Bookmark no t
defined.

Low Efficiency of 79% wrt HHV, corresponding to a voltage of 1.87
at 1.7 A cnfand an enthalc voltage of 1.48V at STP

55

High Efficiency of 87% wrt HHV, corresponding to a voltage of 1.7
at 1.7 A cn?and an enthalpic voltage of 1.48V at STP

55

Uninstalled electrical balance of plant (EBOP) and phase separatg
and dryers costs increase linearly with current density above 1.72A

NA
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EBOP, phase separators, and dryers comprise 2@#tirtdtalled
CAPEX. Electrical balance of plant is 17% of uninstalled CAPEX.
Phase separators and dryers are 9% of uninstalled CAPEX.

Installation cost for the EBOP and phase separators and dryers cg
increase with current density.

Effective installatio factor is 19% of CAPEX. At Jop </= 1.7 A &m
installation cost is $143 kW(19% x $755 kW) while at Jop > 1.7 A
cm? installation cost is (19% X (126%) x $755 kW) + (19% x 26%
x $755 kW' x Electrode Area Xod X Vop ).

109

Model excludes compression, storage and dispensing cost, replac
costs, property tax, space cost, insurance cost, and end of life saly

value

NA
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Chapter 3: Designing OftGrid Green Hydrogen Plants Using
Dynamic Polymer Electrolyte Membrane Electrolyzers to Minimize

the Cost of Hydrogen Production

This chapter is currently under peer review with Cell Reports Physical Séfence.

3.1lIntroduction
Although hydrogen (k) produced from water electrolysis is attractive as a caft@@enenergy
carrier, its true environmental benefits depend on the carbon intensity (Cl) of the electricity used
to power this thermodynamically uphill process. When electrisitprimarily obtained from
natural gas or codired power plants, the ClI of electrolysierived H canactually exceedhe
operational C¥° of Hz produced by steam methane reformation (SBHR2 kg CQe kg* H»).8!
Using the average CI efectricity obtained from the U.S. power grid (0.37 kge€®Wh?), which
is still dominated by fossil energgrid-poweredelectrolysis with an energy efficiency 66 kwh
kgt Hzresults in a Cl 020 kg CQe kg! H282 In contrastH2 produced by electrolyzers that are
powered directly byff-grid wind and solar energy systems has an operational Cl of zero and very
low life-cycle emissions between 0 to 2.4®@e kg* H2.8% Furthermore, it is estimated that at
least 89% of carbon amather environmentally harmful air emissions associated with electricity
generation from a predominantly fossil fuel grid would be prevented in a future in which electricity
from photovoltaics (PV) is the primary energy soufc@.

H2 has traditionally been produced through steam methane reformation, a thermal catalytic
process that is carried out at large scales and releases large quantitiesnofh@@roces®’ In

contrast, H production by water electrolysis uses electricitgtp | i t water into H
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doesndt i menuskiongif thee Blgctricyds provided by carkfome power sources such
as solar and wind. The two most mature types of electrolyzers are polymer electrolyte membrane
(PEM) and alkaline electrobers. PEM electrolyzers are the focus of this study since the thin (100
200 pm) solidelectrolyte membrane allows for a high current densit @ cn?) without
prohibitively large ohmic losses. PEM electrolyzers are also attractive for usegndi¥RE-
powered electrolysis facilities because they have been shown to operate effectively at partial loads
and respond rapidly to variations in renewable energy genefatidkaline electrolyzers have
more limited load flexibility because the separatorsrarteas effective at preventing the cross
diffusion of gase&%8° For that reason, alkaline electrolyzers tend to limit their turndown ratio to a
minimum of 30% of nominal current density. In addition, alkaline electrolyzers have slower cold
start up and hot standby tim&@a\ewer alkaline systems are pressurized, reguthese issues.
Nonetheless, alkaline electrolyzers have traditionally employed the use of thick diaphragms and
spacers, resulting in high ohmic resistance across the electrodes, reducing current density at a given
voltage.

The H: CI has major implications for electrolysis projects that must reach cost parity with
SMR to be commercially competitive. In the U.Sz,d¥stems that demonstrate no more than 0.45
kg ok lifecycle CQe kg! Hzare eligible to receive a $3 ®groduction &x credit under the 2022
Inflation Reduction Act, which could be the difference between a concept and a bankable project.
Off-grid PV or windpowered electrolysis should achieve this target and be easily provable
compared to complex tirrgependent energyires on the grid. The viability of electrolysis as an
alternative to SMR depends on reducing its levelized costfdduction (LCOH). In many areas
of the world, cost parity with SMR requires the LCOH of electrolytiddibe between $1 k§

and $2.08 &1, where the lower and upper bounds correspond to the LCOH fobd SMR for
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natural gas prices of $4.25 MMB#uand $10.00 MMBtd, respectively9242The BJ imported
natural gas price, however, can be significantly higher.
Several studies have investigated the relative LCOH ofammhected versus effrid
electrolysis systems and found a premium forgoil systems due to the lower capacity factor of
the wind and solar variable renewable energy (VRE) sources of electimciy2016 report by
Shaner et al., Hrom PV-powered electrolysis sited in a location with a 20% capacity factor was
found to be as high as $15%kgompared to $5.50 Kgfor grid dectrolysis, a 173% increase.
However, in more recent studies that consider decreases in PV and electrolyzer CAPEX,
significant reductions in offirid electrolysis LCOH can be achieved. In a 2019 study, the
InternationalRenewable Energy Agency estimated a LCOH of $3.77t&ghb4.34 kg in South
Australia from an electrolyzer coupled to a PV system with a 30% capacity, fassuming a
levelized cost of electricity from PV between $0.30 to $0.41 #WSimilarly, Yates et al.
simulated an offyrid PV-powered alkaline electrolysis system in six locations across Australia,
the U.S., Japan, Chile and Spain, and reported a range of LCOH from $3.38 to $£72 kg
Previous studies have demonstrated how PEM electrolyaarbec operated dynamically
to minimize the LCOH from the electrical grid in the wholesale and retail electricity markets with
a variety of pricing structures, including tiroéuse rates and locational marginal prig&$27.9899
This paper builds off of those studies to examine how dynamically changing the current density of
PEM electrolyzers directly tied to effrid solar and wind farms can impact electricity curtailment,

H2 generation, and LCOH.

3.2Results and Discussion

3.2.1 Model Description and Assumptions
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Three VRE configurations were analyzed (Figwé): 1) a PV farm coupled to a PEM
electrolyzer, 2) a wind farm coupled to a PEM electrolyzer, and 3) a hybrid PV/wind farm coupled
to a PEM electrolyzer. While convential electrolyzer systems are-emupled, decoupled
architecture may be available in the near future to reduce energy 1%dseall scenarios, the
green H plant consists of a 10 MW PEM electrolyzer system, which includesd\pled power

electronics, vater demineralization, cooling, and dryer |yistems.
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Figure 3.1. Process flow diagram for green hydrogen system. In Scenario 1, the electrolyzer
is coupled with a solar farm, in scenario 2 with a wind farm, and in Scenario 3, with a hybrid
solar/wind farm. In all scenarios it is assumed that renewable energy is the only source of energy
for the electrolyzer.

As a basis for all calculations, the total electrolyzer capacity was set to 10 MW based on a
total maximum power input of 10 MW from a VRIgstem. In sizing the 10 MW electrolyzer, a

maximum power input &naxwas set to 11 MW, assuming a derated factor of 91% to account for
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dc-ac and aaic conversion lossé8! The total rated capacity of the VRE system was scaled based
on a set of VRE to etgrolyzer (VRE:E) capacity ratios from 5 MW VRE:10 MW electrolyzer
(VRE:E ratio= 0.5) to 100 MW VRE:10MW electrolyzer (VRE:E ratio=10), anddloé VRE
electricity associated with wind was varied between 0% and 100%, with the balance from solar
PV. The total electrode area of the electrolyzey) (#as calculated by Equatio8.{) based on

Pe maxand the rated current densityp(d and operatingoltage (\bp) of the electrolyzer:

f o]
! “H ~— (31)

where the rated current density of 2 A€and initial \bpof 1.89 V was determined from
a polarization curve consistent with a commercial PEM electrolyzer based on a-Nhfion
membrae and standard catalyst loadings aB6tC.1°>Higher and lower efficiencies are explored
in the sensitivity analysis (S&égure 3.8and Table3.3). Thus, A was calculated as 2.65X1en7
(265nf) . Wat er el ec texvalleyweiie salcidatl from the molarization cutves as

voltage efficiencies and reported using the high heating value (HHV) and an enthalpic voltage of

1.48 V at standard temperature and pressure conditiolgs pelL.

For electrolyzer operation using constaunirent density mode {J= 2 A cm?), the
electrode area actively in usee(Ae) varies according to the hourly input power received from the
VRE generator (&h). Aeusedwas set equal to zero when the VRE generator system was not
producing electricityPe,n = 0.0 W), and equal to the maximum value ef(ike., 265 mfor the
considered 10 MW electrolyzer) whenevesh P Pemax For all other cases,eAsedwas calculated

according to Equatior8(2):

RO
e

(3.2)

=y
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The hourlyamount of generated2Hm+2) i n kg was cal cul ated

electrolysis:
[ = 33

where 2 is the stoichiometric number of electrons transferred perotécule evolved
through the hydrogen evolution reaction and F is the Faraday constant. Hourly excess pgwer (EP
representing curtailed, or unused, electricity from the VRE generators, was calculated as the
difference betweeneld( d e r a tc) ardl tlebelectralyzer operating powerog) The total excess
power (EP) in kWh over the lifetime of the affid system (k years) was calculated by summing
EPs from the start of plant operation at i=hour 1 to n=8760 hiduc®mprising the system lifetime.

%0 B 4 0r 0 OpEOQ34)

The percentage of total excess power (% EP) was calculated by dividing EP over the total
electrical output from the VRE system over its lifetime.

The levelized cost of HLCOH) was computed as the sum of thetlihe costs of the

electrolyzer system divided by the amount efprbduced within a period of k years:

L #1 (B s (35)

where the costs of producing lth each year i appear in the numerator, andual H
production (mz,) appears in the denominator. In Equation (5), both future operating costs and
revenue from the generated hydrogen are discounted to the present through incorporation of the
present worth factor (PWF). PWB the present worth factor for year i, which is calculated for a
chosen discount rate (r) of 10% and used to discount the costs incurred for years Qrxthisn.
study, electrolyzer system lifetime was st to30 years, and it was assumed tiatelectrolyzer
and renewable energy syst€@APEX in units of $ kW was incurred in year @he PV system

output was degraded by 0.5% annu&fiynd the wind energy system output by 1% annd#lly
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CAPEX includes the electrolyzer system at an installedafast, 068 kW2, solar at an installed
cost 0f$1,027.8 kWt and / or wind farm at $1,257.2 k93106197 Higher and lower CAPEX are
investigated in the sensitivity analysis.

The yearly OPEX (OPEX represents the power cost; in our scenariogfset b zero
as the electricity used to drive the electrolyzers is exclusively provided by tgeido/RE
sources, which were included as upfront capital costs. An electrolyzer stack replacement cost of
33% of the electrolyzer system CAPEX was applied in yg@rand 20, assuming a replacement
interval of 87,600 hours. The O&M was assumed to be 5% of the CAPEX.

Under dynamic operation, the electrolyzer system size, and therefavashalso set based
on a rated current density of 2 A 2nHowever, unlike the constant current operating mode, the
actively used electrode area was always setetaml the &b was allowed to vary between O to 6
A cm? depending on the amount of electricity being produced from the VRE system. Each hour,
the derated power from the VRE system (the product e d) wak compared to the power of
the PEM electrolyzer at all points along the polarization curve, andghad corresponding o¢
that resulted in the minimum difference between the electrolyzer power (the produgt\eh J
and A) and t he VRtdpoweswas sefected. dhen the VRE electrical power
exceeded the maximum power that could be used by the electrolyzer, the electrolyzer was operated
at its maximum allowable current density and the difference betweeand AdopA op Was
counted as)xess power.

For both constant and dynamic operation, a degradation rate (DR) of 0.15% of cell voltage
per 1000 hours was applied hourly, consistent with reported degradation rates for PEM
electrolyzerg® After each hour of operation, the electrolyzerapiaation curve was shifted to

hi gher voltages by o amuppmimitonthresteolg anadyivas sedto YR A V
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= 2.9 V, above which electrochemical generation of reactive oxygen species at the anode can
prematurely accelerate electrolydegradation by damaging the membrane, ionomer, and/or other
components. Applying the DR as a percentage of thedaled DR proportionally taglsince \bp
increases withod; thus higher averageplvas assumed to entail higher degradation rates. In both
operating modes, degradation resulted in an increasg coMpared to a new electrolyzer, which
decreased electrolyzer efficiency. Under constant current density operatiaasJlset to 2.0 A

cm? when electricity is available from the VRE generators, and 0.0 Awhenever the VRE
generators were not producing any electricity. If the electrolyzer polarization curve degraded to
the point wheresd = 2.0 A cm? could not be achieved withoub)Mexceeding Vhax, bpwas set to

the highest availablesglthat still maintained W < Vmax Under dynamic operation, if for some

hour i the voltage associated with a giveswias greater than or equal tad, then that ¢p was
removed from consideration. kige 3.9 illustrates the change in the polarization curve over
electrolyzer stack lifetime due to degradation when operated dynamically. While the system
lifetime was 30 years, the stack was replaced every 10 years, at which point the polarization curve
wasreset to that of a new electrolyzer.

A dynamic electrolyzer system capable of operating at a current density of & wasn
estimated to have a 75% higher CAPEX than that of a standard PEM electrolyzer system due to
larger power electronics, phase separators, and dryers needed to process larger amounts of
electricity and H when the electrolyzer operates at higher curdamsities. Together, these
balance of system components comprise 26% of the electrolyzer system CAPEX in a standard
PEM electrolyzet?® and their cost for the dynamically operated system was assumed to increase
in proportion to the ratio of the maximum oemt density (6 A cn) to the baseline current density

of 2 A cmi? for this study ¢ee Figure3.10). Breakdowns of the electrolyzer system costs for the
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conventional constant current density electrolyzer system and dynamic system are provided in

Table3.4

The algorithms used to calculate LCOH, lifetimggroduction ands EP for constant and

dynamicoperation of the electrolyzer stacks are illustrated in Figize

A Constant B Dynamic
Iculati g i .
Select a renewable energyrated alciation Siens Select a renewable energyrated CalculationSteps
Initial capacity, wind/solar % simulate Determine Vo per hr: Initial capacity, wind/solar %, simulate Select the Jop and Vop values
Inputs:  hourly yield over year, and keep Deg. Rate (%) - Vap and Inputs:  hourly yield over year, andkeep foin the lectiolyzer 1V cone
electrolyzer capacity and current H I electrolyzer capacity and active area )
density fixed add degradation to IV fixed closest to the VRE system'’s

curve every hour hourly derated power
IL If Vop < Vimax. select Jog.s

If Vop > Vimax, select next

highest Jgp with Vop < Vinax Determine Vg per hr:

Deg. Rate (%) - Vop and add
degradation to IV curve every hour

Rated current density
{Jopr) and operating
| voltage (Vog)

~/  Apply Egs 1and 2 to

z — If Vop € Vinax, select Jop,
J L determine the hourly Operating current density If V:;> V:: select J::\:Vilh Vop <
. electrolyzer area {Jop) and operating Vimax and min difference with RE yield
Maximum and hourly \ voltage (Vop) |

‘ used

| active area (A;) Apply Equation 3 to

Apply Equation 3 to < 5 calculate mh2 h
calculate mh2.h - -

‘ Hourly Hz

‘ Hourly Hz ‘

Apply Equation 5 to calculate

‘ l " Apply Equation 5 to calculate
lifetime LCOH

lifetime LCOH

’ Lifetime LCOH ’ ‘ Lifetime LCOH ‘

Figure 3.2. Algorithm for calculating LCOH for a.) constant and b.) dynamicelectrolyzer.
I n Aconstantd mode, the PEM electrolyzer was kept
area varied, and in Adynamicd mode the current de
cm? and the area fixed.

As a basic demonstrati of the technoeconomic assessment (TEA) modeling framework
described above, two electrolyzer operating médesnstant and dynamiovere simulated with
two different VRE:E capacity ratios (both with 100% RvPalhart, Texas over a Z2dbur period.
For both modes, the Awas sized based on an input power of 10 MW and a rated current density
of 2 A cm? and initial operating voltage of 1.89 V. In the first scenario, a 10 MW electrolyzer was
coupled with an 11 MW (10 MW derated) PV farm (VRE:E capactip rel). As seen in Figure

3.3A for constant current density operation, the current density was set to Z wivam the sun
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was shining and 0.0 A cAotherwise. In constant current density mode, the amount of active stack
area exposed to the input enefgy used was varied to maintain the constant current density during
the daily solar fluctuations (Figu@11); on average, only 14% of the total electrode area was
employed for this capacity ratio for the sunny hours. In Fi§8B, the current densirofile is
shown for a dynamicaltpperated electrolyzer for which 100% of the total electrode area was
made available, while the current density was allowed to vary between 0 to & fuchthat the
electrical power received by the electrolyzer wasegetal to the derated power generated by the
PV system. In Figure.3C, H: production is shown to be 12% higher in dynamic mode than
constant (242 kg vs 212 kg over the-t&gur period), which arises from the higher average
efficiency of the dynamicalbppeated electrolyzer for this VRE:E ratio.

In Figures 3D-F, both constant and dynamic electrolyzer operating modes were simulated
for a 10 MW electrolyzer that was coupled with a 100 MW solar farm (VRE:E capacity ratio =10).
For this scenario, thelectrolyzer is more fully utilized when the sun shines for both modes of
operation, but the ability for the dynamicabiperated electrolyzer to exceed a current density of
2 A cmi? results in substantially higherzidroduction than in constant mode (Figa3F), albeit
at lower efficiency. Thanks to its ability to ramp up current density, the dynamazehated
system results in 69% morez production (total of 1,891 vs 1,117 kg over the 24 hour period)
while reducing the excess power from the $étem from 90% to 0%. Also shown in Figures
3.3D-3.3F is the tradeoff between current density and efficiency. In constant current density mode
the efficiency remains constant at 78% (wrt HHV), whereas in the dynamic mode the current
density is allowed teary, which results in a reduced efficiency but much higher dailgutput

thanks to operation at higher current densities.
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Figure 3.3. Current density, efficiency and hydrogen production for constant versus
dynamic electrolyzer operation at varying VRE:E capacity ratios. Sample daily production profiles
for operation of a 10 MW electrolyzer powered entirely by PV in Dalhart, TX on January 1, 2013.
(A) Hourly current densities and energy efficiencies for the electrolyzer under constant current
density gperation. (B) the same electrolyzer under dynamic operation for a VRE:E capacity ratio of
1. (C) Hourly H; production rates for constant and dynamic operation for a VRE:E capacity ratio
of 1. (D) Hourly current densities and energy efficiencies for a 10 M\&lectrolyzer under constant
current density operation and E) dynamic operating for a VRE:E capacity ratio of 10. (F) K
production for constant (1,117 kg) and dynamic (1,891 kg) operation for a VRE:E capacity ratio of
10. The solar electricity generatorwas si mul ated using NREYG6s
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3.3Dependence of LCOH and Lifetime H Production on VRE to Electrolyzer

Capacity Ratio and VRE Wind Percentage

A parametric study was performed to investigate when the dynamic operation of ewlyaerct

can be advantageous to the conventional constant current density operatiogrid gfeen
hydrogen systemsiccordingly, the LCOH, percentage excess power (% EP), and lifettme H
production were calculated for different VRE:E capacity ratioseurmbnstant operation and
dynamic operation in four locationser 30 yearsAs reflected by the capacity factor values shown

in Table3.1, these locations span a wide range of relative abundance of local wind and solar
resource availability. In addition, TEA were carried out for different combinations of PV and wind,
each in the range of000%, for a hybrid VRE system (scenario 3 in F&gBid); the results of

these assessments are shown in FigB#es3.5, 3.12 and3.13 In Table3.1, capacity factor is
calculated as the sum of the electrical power produced over a year divided by the electrical power
produced at rated capacity if thessym were operated at 100% of the time. Capacity factors
account for performance | osses of 9% associ at e
System Advisor ModelThe wind farm was comprised of Mitsubishi MWT 1000ALMW
Turbines at an 8tneter lub height. The solar farm was comprised of crystalline silicon modules

of 21% efficiency on Jaxis trackersin Table3.2, for all locationsmetrics correspond to those
predicted to give the minimum LCOH. VRE:E capacity ratio and VRE mix values prodiheing
minimum LCOH, and corresponding H2 production and % EP, are indicated with star symbols

found in Figures8.4-3.5 and Figure8.12and3.13.
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Table 3.1. Renewable energy system scenarios with solar and wind capacity factor by

location.

High Wind Low Wind

Dalhart, TX Ludlow, CA

Solar:28% Solar:29%
High Wind: 40% wind: 19%
Solar

Lat, Lon: 36.05-102.44 | Lat, Lon: 34.65:115.64

Calvin, ND Maple Falls, WA

Solar:19% Solar:16%
Low Wind: 39% Wind: 11%
Solar

Lat, Lon: 48.82-98.96

Lat, Lon: 48.92;122.07

Table 3.2. Key performance indicators for optimized offgrid green H, systems operated in
the four locations listed in Table 1 for constant and dynamic electrolyzer operation.

(145% increase)

(168% increase)

(173% increase)

Parameter Mode Texas California North Dakota Washington
LCOH Constant 5.38 6.64 5.65 12.15
(S kg!) :
Dynamic 5.12 ©.09 5.23 11.04
(4.8% decrease) | (8.3% decrease) | (7.4% decrease) | (9.1% decrease)
Excess Power Constant 5.8% 4.4% 6% 2.3%
0
(%) Dynamic 0.3% 0.3% 0.4% 0.4%
(95% decrease) | (94% decrease) | (93% decrease) (82% decrease)
H, Produced Constant 10.3M 6.5M 8.5M 4.4M
(lifetime kg Hz) My o mic 25.2M 17.4M 23.2M 10.3M

(134% increase)

Figure 4 shows how LCOHp EP, and lifetime Elproduction varies between constant and

dynamic electrolyzer operation for a plant located in Dalfiaftfor different VRE:E capacity

ratios and VRE mixes. The minimum LCOH of $5.38 for constant operation at a VRE:E ratio of

2.0 and a VRE mix of 60% wind and 40% solar (Fig8we). At the minimum LCOH, lifetime
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H2 production under constant operation @3Lmillion kg (Figure3.4B), and there is 5.8% excess
power (Figure3.4C). Under dynamic operation, the minimum LCOH is $5.12 and is found at a
much higher VRE:E capacity ratio of 5.0 and a VRE mix of 80% wind and 20% solar (Figure
3.4D). At the minimum ICOH, lifetime H production is 25.2 million kg (Figur@4E), andhere

is 0.3% excess power (FigusF).

Dynamic operation allows the electrolyzer to take advantage of renewable energy above
its rated capacity, resulting in 145% more pfloduction at 8% lower cost. Since the capacity
factor of wind is higher than solar in Dalhart, TX the optimal generation mix has a higher
percentage of wind than solar, namely 60% wind under constant operation and 80% wind under
dynamic operation. The synergy of wiadd solar in hybrid VRE systems results in less excess
power for both constant and dynamic electrolyzer operaBoan@ario 3) compared to only wind
or solar VRE systems. Furthermore, the dynamic electrolyzer operation results les35%cess

poweroverconstant current density electrolyzer operation (Figa#S and3.4F).
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Figure 3.4. LCOH, lifetime H» and excess power for constant and dynamic electrolyzer
operation in Dalhart, TX. (A) LCOH, (B) lifetime H » production, and (C) percent excess (curtailed)
electrical power (% EP) calculated for electrolyzer operation under constant current density mode

at 2 A cm?, (D) LCOH, (E) lifetime H; production, and (F) % EP calculated for electrolyzer
operation under dynamic current density mode.

For a plant sited in Ludlow, CA, the minimum LCOH is found at a VRE:E capacity ratio
of 1.5 for constant operation (Figu3.5A) versus 4.5 for dynamic operation (Figu&D).
Dynamic operation allows the electrolyzer to take advantage of renewable energy above its rated
capacity, resulting in 168% more: ldroduction at 8.3% lower cost. Since the capacity factor of
solar s higher than wind at this location in CA the optimal generation mix has a higher percentage
of solar, 90% solar under constant operation and 100% solar under dynamic operation. In both
constant and dynamic operation, hybrid wind and solar results iaXeass power (Figuré&5C
and3.5F). There is 4.4% excess power under constant operation versus 0.27% under dynamic

operation (a 94% decrease).
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Figure 3.5. LCOH, lifetime H» and excess power for constant and dynamic electrolyzer
operation in Ludlow, CA. (A) LCOH, (B) lifetime H; production, and (C) excess (curtailed)
electrical power (EP) calculated for electrolyzer operation under constant current density mode at
2 A cm?, (D) LCOH, (E) lifetime H; production, and (F) excess (curtailed) electrical powegEP)

calculated for electrolyzer operation under dynamic current density mode.

Similar TEA calculations were performed for -gffid VRE-E systems located in Calvin,
North Dakota (ND) (high wind, low solar resource) and Maple Falls, Washington (WA)v{laly
low solar resource), with the results shown in Fig&d2and3.13 Key takeaways from these
results include that dynamic operation in North Dakota results in 167% mqueoé#uction at
4.4% lower cost than constant operation for optimally chd4@B:E capacity ratios and VRE
mixes. Since the capacity factor of wind is much higher than solar at this location in ND, minimum
LCOH is achieved with 100% wind for both constant and dynamic operation. In Washington,
dynamic operation results in 129% meétgproduction at 5.6% lower cost than constant operation.

Since the capacity factor of solar is higher than wind at this location in WA, the optimal generation
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mix has a higher percentage of sdlat0% solar under constant operation and 100% solar under
dynamic operation. At all sites there is, however, only a weak dependency of LCOH on the
wind:PV mix composition. For example, dynamic electrolyzer operation in WA with a VRE:E
capacity ratio of 5 results in a minimum LCOH of $11.04 kyy the optimal VRE mix of 100%
solar, while changing the VRE mix to 80%, 60%, or 40% solar only changes the LCOH to $11.25
kg, $11.53 k¢f or $12.94 k¢f, respectively.

Comparison of the results from Figur8s4, 3.5, 3.12 and 3.13 for four locations
characterized by very different solar and wind resource availability reveals several general
observations and trends. As shown in Figure 6A, dynamic electrolyzer operation in an optimally
sized oftgrid VRE-powered system can produce 131%6% more Hover the system lifetime
than if the electrolyzer were operated at its rated current density under constant current density
mode. Furthermore, Figure 6A shows that dynamieaigrated ofigrid electrolyzers are capable
of producing more kthan electrolyzersperated at their rated current density in a-jegd system
in all locations except one (Washington). In Texas, California, and North Dakota, dynamic
operation at conditions corresponding to the minimum LCOH produces 54%, 6%, and 43%,
respectively, morélz over the system lifetime compared to constant current density operation of
an electrolyzer with the same capacity and uninterrupted (24/7) availability of electricity. These
results show that dynamic electrolyzer operation can overcompensate favéheadpacity factor
of VRE sources compared to constant grid power.

A second observation is that the minimum LCOH for dynamic operation is always achieved
for higher VRE:E capacity ratios and for VRE mixes that more heavily favor the VRE source with
the hgher capacity factor at the location of interest. For example, LCOH is minimized for dynamic

operation in (windy) Texas for a VRE mix of 80% wind vs. 60% wind for constant operation,
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while LCOH is minimized for dynamic operation in (sunny) CalifornisafRE mix of 0% wind

vs. only 10% wind for constant current density operation. These observations can be explained by
the fact that the dynamically operated electrolyzer favors VRE systems with the highest net
generating capacity over VRE systems charasdrby a more diverse mix of solar and wind
sources that are able to level out the average load owing to their complementary nature.
Electrolyzers operated at constant current density achieve minimum LCOH with hybrid VRE
systemswith more balanced mixed solar and wind, which helps to reduce excess power since

the electrolyzer cannot ramp up to take advantage of output over its rated capacity3BBjure

A B
Lifetime H, production Optimal percentage wind by
30 wind/solar capacity factor
B Constant M Dynamic 100% »
25 90% -
Dynamice” /

. 80% g v/
P el 0,
2 Rated < 70% , /
o = o,
= operation 5 60% / »
LN N . et | B sox /
e availability =
T g 40% V4
P10 E 30% Constant o f

7
20% P /
- 10% v /
0% —eo———e
0 0.66 0.69 1.43 2.05
- NE Wh (ca)  (wa)  (TX) (ND)
CFw/CFs

Figure 3.6. Lifetime H production and optimal VRE mix by wind/solar capacity factor
(CF). (A) Lifetime H production from optimally sized VRE-E systems in four different locations
when the electrolyzer is operated in dynamic or constant current density mode. The black dashed
line indicates the amount of H produced by a grid-connected 10 MW PEM eletrolyzer system run
at its rated current density with 100% availability of electricity. (B) Percentage of wind in the
optimal VRE mix for VRE -E systems shown as a function of the ratio of capacity factors for wind
(CFw) and solar PV (CR,) for the four different locations investigated in this study.
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A third general observation is that the dynamically operated electrolyzer is able to achieve
a Anear minimal o LCOH over a significantly
compositions than thelectrolyzer operated at constant current density. Taking the analysis for
Dalhart, Texas (Figura.4) as an example, we see that an LCOH of < $7Hkgcan be achieved
for a dynamicallyoperated electrolyzer for any combination of VRE:E capacity ratiwdss 1.5
and 10.0 and VRE mix between 50% and 90% wind. In contrast, the electrolyzer operated at 2 A
cm?is only ableto achieve an LCOH of < $7 Kdor a much narrower range of VRE:E capacity
ratios (1.0/ 4.0) and VRE mixes (38- 60% wind). The othethree locations are similar.

LCOH findings from this analysis are compared withfidkm SMR and grieconnected
PEM electrolysis in Table Notably, while Khan et al similarly find a reduction in LCOH by

oversizing a solar PV avind farm capacity by 1.mes under constant operatitfthis study

Wi

further expands on this by demonstrating that dynamic operation can decrease LCOH by up to 9%.

Considering that electrolyzers powered exclusively by renewable energy sources should
qualify for the $3 kg prodiction tax credit (PTC) in the U.S., the rarafepostPTC LCOHs is
$2.12 (dynamic operation in Dalhart, Texas) to $9.1% {apnstant operation in Maple Falls,
Washington). It should, however, be noted that the VRE:E ratios that produce the lowest LCOH
may not necessarily result in the lowest environmental impacts and embodied carbon. Quantifying
the overall environmental arsbcial impacts of VREE systems is beyond the scope of this study.
Life cycle assessments (LCA) that take on this task will further inform the optimal sizing of these

systems.

Table 3. LCOH for off-grid PEM electrolysis, grid-connected PEM electrolysis, and steam

methane reformation. The range of LCOH shown for the PEM electrolyzecorrespondsto
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those obtained in this study (Table 2) for four different locations assuming thatraoptimal

VRE:E ratio was used and does not include any production tax credit.

Off-grid PEM Electrolyzer Grid-connected PEM Steam Methane

(with solar and wind energy) | Electrolyzefror Bookmarknot | Reformatior!#!3114
defined.

Constant: $5.38$12.15 Constant: $1.00$4.50 $1.00- $2.08

Dynamic: $5.12 $11.04 Dynamic: $0.50 $4.50 (natural gas prices of $4.25
(range from G 7 cents/kWh)| MMBtU *- $10.00 MMBtd)

Simulations were also run for an alkaline electrolyzer using the polarization curve of an
advanced pressurized alkaline electrolyzer with a gap of 0.2 mm between the electrodes and the
separator under the Dalhart, TX scenattVhile a small gap reduces the ohmic losses compared
to conventional alkaline electrolyzers, the voltages are still significantly higher at a given current
density than for PEM electrolyzers. For example, 2.5 V is required at a current density of 1 A cm
2 for this advanced alkaline electrolyzer compared to 1.6 V for a PEM electrolyzer employing a
60-micron Nafion membrane. The simulation used an installed CAPEX 31% lower than PEM
($734 kW1), a degradation rate of 0.11% of cell voltage per 1000 hours;laliéédime of 87,600
hours, and an O&M of 6%, 20% higher than PEM, to account for liquid electrolyte and lye
managemerit

The results of TEA simations run for the advanced alkaline electrolyzer are provided in
Figure S7, and the alkaline electrolyzer polarization curves over the stack lifetime are shown in
Figure S8. Under constant operation the minimum LCOH for the alkaline electrolyzer 88s $6.
kg, 19% higher than PEM at $5.38kand at a VRE:E ratio of 1.5 with an 80% wind, 20% solar
mix, versus a VRE:E ratio of 2 and 60% wind, 40% solar for PEM. Under dynamic operation the
minimum LCOH for the alkaline electrolyzer was $5.69, 11% hig¢jean PEM at $5.12 ki and

at a VRE:E ratio of 1.5 and 100% wind, versus a VRE:E ratio of 5 and an 80% wind, 20% solar
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mix. Dynamic alkaline operation resulted in an 11% decrease in LCOH over constant operation,
versus a 5% decrease for PEM since thalal& electrolyzer CAPEX increased by only 11% from

a rated current density of 0.7 to 1 Aéwersus 75% for PEM. The range of lifetimepdoduction

for the alkaline electrolyzer was found to be2l®%6 lower than for PEM under constant operation
(1.87 11.8 million kg versus 2.8 14.9 million kg) and up to 55% lower than for PEM under
dynamic operation (16.5 million kg versus 36.5 million kg), which can be attributed to the lower
current density limit of 1 A crifor the alkaline electrolyzer.

Notably,the VRE:E ratio that minimized the alkaline electrolyzer LCOH was 1.5 for both
constant and dynamic operation as under dynamic operation the alkaline electrolyzer could not
ramp much beyond its rated current density of 0.7 A2tno take advantage of additional
renewable energy from oversized VRE systems. For this reason, there was significant excess
power at higher ratios under dynamic alkaline operation (Uj#%0), closely resembling that of
the constant alkaline electrolyzer (up to 83%). Similar to PEM, the VRE mix for constant operation
was a mix of wind and solar (80% wind, 20% solar), while for dynamic it was 100% wind, favoring
the resource with the grest capacity factor under dynamic operation. Unlike PEM, however,
dynamic operation of the alkaline electrolyzer achieved near minimum LCOH ($57922) for
significantly lower VRE:E ratios (< 1.5) than those found to minimize LCOH for the PEM

electrolyzer. This is due to the fact that the stack area of the alkaline electrolyzer was 56% higher

than PEM (602 rhiversus 2658 because the alkaline electrol

constant operation was 0.7 A @mersus 2 A cm.
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3.4 Sensitivity Analysis

A sensitivity analysis was performed for all locations under constant and dynamic operation, with
baseline conditions set to the VRE:E ratfmwnto give the minimum LCOH. The analysis was
done to understand how expected variationsléatrolyzer degradation rate, CAPEX ($ &y

and electrolyzer energy efficiency influence LCOH. The results for Dalhart, TX are shown in a
tornado plot in Figur8.7, which reveals how LCOH changes based on aatadime parameter
change while keepingll other parameters constant. Sensitivities for the minimum LCOH for
VRE-E systems operated in the other three locations are shown in F3glé<519. In all cases,

the LCOH is shown to be highly sensitive to changes in wind, solar and electrolytaan sys
CAPEX. The impact of reductions in wind and solar system CAPEX are greater in dynamic
operation because the minimum LCOH is found at a higher VRE:E capacity ratio for which the
VRE naturally assumes a higher percentage of the total system CAPEX.vAsiaHeigure3.19,

LCOH was also found to be sensitive to decreases in the VRE:E capacity ratio for both types of
electrolyzer operation. However, Figugel7 also reveals that increases in LCOH caused by
VRE:E ratios exceeding the optimal value are sigaiftly smaller for dynamic operation thanks

the ability of a dynamicalkpperated electrolyzeo take better advantage of oversized renewable
energy generation.

As shown in Figure3.7A for constant current density operation, the LCOH is most
sensitive ® a reduction in PEM electrolyzer CAPEX (21% decrease), followed by wind system
CAPEX (20% decrease). A reduction in PV system CAPEX result in a smaller (i.e., 9.7%) decrease
since solar comprises only 40% of the VRE mix at the minimum LCOH. A more e&fficie
electrolyzer results in an 11.5% LCOH decrease and a lower degradation rate in a 2.4% decrease.

For dynamic operation (Figurg7B), there is a 28% decrease in LCOH for low wind system
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CAPEX since there is more wind in the mix than under constant aperahd a 16% reduction

for lower PEM electrolyzer CAPEX. A 40% reduction in PV system CAPEX results in a 5.1%

LCOH decrease since solar comprises only 20% of the VRE mix at the minimum LCOH. A more
efficient electrolyzer results in a 17.2% decrease alodvar degradation rate a 2.5% decrease

since under dynamic operation a more efficient polarization curve results in a wider range of
current densities as the electrolyzer degrades over time (Fig@esnd3.9). As a part of the

sensi ti vi tbhestcaarsael yssciesn,ara oo was al so consider e
favorable values of the input parameters were assumed. Compared to the baseline case, this best
case scenario is predicted to decrease LCOH by 57% (to $230nksgbsidized) for awstant

current density operation and by 58% (to $2.13 kgsubsidized) for dynamic operation.

Constant operation (TX)
Baseline LCOH ($5.38 kg™')

A S5 VRE:E Ratio: 2:1/ 60% wind, 40% solar
Best case /—I
i $6.34
Total system CAPEX (low / baseline / high) $2.67 I ——
Wind system CAPEX ($700/ $1257 / $1277 $/kW) $4‘33—l $5.42
PV system CAPEX ($618 / $1028 / $1159 $/kW) $4.86 — $5.55
PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) $4.24 —‘ $6.14
Degradation rate (0.05/0.15/ 0.5 %/1000 hr) $5.25 — $5.92
PEM electrolyzer efficiency (89% / 78% / 74%) $4.76 — $5.94
$2.00 $2.50 $3.00 $3.50 $4.00 $4.50 $5.00 $5.50 $6.00 $6.50
LCOH ($ kg™)
B Dynamic operation (TX)

Baseline LCOH ($5.12 kg™)
VRE:E Ratio: 5:1/80% wind, 20% solar

(213 :
Best case | (I
Total system CAPEX (low, baseline, high) $2.60 — $5.81
Wind system CAPEX ($700 / $1257 / $1277 $/kW) $3.69 — $5.17
PV system CAPEX ($618 / $1028 / $1159 $/kW) $4.86 _I $5.21
PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) $4.30 — $5.67
Degradation rate (0.05/0.15/ 0.5 %/1000 hr) $4.99 :— $5.71
PEM electrolyzer efficiency (89% / 78% / 74%) ) . ‘ 311.24 ._:. $546‘8 X
$2.00 $250 $3.00 $350 $4.00 $450 $500 $550 $6.00 $6.50
LCOH ($ kg
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Figure 3.7. Sensitivity analysis for Dalhart, TX. (A and B) Effect of electrolyzer degradation
rate, CAPEX, and efficiency on the LCOH for constant anddynamic operation. The purple boxes
to the left of the baseline indicate parameters resulting in LCOH below the baseline, while the green
boxes to the right of the baseline indicate parameters resulting in LCOH above the baseline. The
baseline values areni the center and are as follows: wind system installed CAPEX of $1257 kW
PV systeminstalled CAPEX of $1,028 kW*, PEM electrolyzer installed CAPEX of $1,068 kW !
degradation rate of 0.15% per 1,000 h, and efficiency of 78%. TX scenario with VRE:E ratiand
wind/solar generation mix at minimum LCOH (constant: 2:1 and 60% wind, 40% solar; dynamic:
5:1 and 80% wind, 20% solar) 16

3.5Conclusions

Generating K by electrolysis from offgrid variable renewable energy sources is a promising
approach to producing easily verifiable greesttrhit meets carbon intensity targets set under the
Inflation Reduction Act. This study demonstrates the value of dynamimjadhated electrolyzers

tied to offgrid VRE sources. The minimum LCOH for dynamic operation is observed for VRE:E
capacity ratios greater than those under constant operation, namely 4.5 or 5.0 for dynamic versus
1.5 or 2.0 for constant operation. This is hessadynamically operated electrolyzers can take
advantage of oversized renewable energy systems to generate #rthes ldonstant operation
despite a relatively | ower electrolysis effic
PEM electrolyzers Dynami cally operated electrolyzers
LCOH over a significantly wider range of VRE:E capacity ratios and VRE mixes. Depending on

the location, by allowing for dynamic current density, a 10 MW electrolyzer is shownedoatgen

the same or more Hrom an oftgrid solar or wind energy system than if operated at a 100%
capacity factorpowered by the grid. Since effid VRE:E ratios are often designed to be
intentionally high to increase the runtime of the electrolyzer, miymalectrolyzers can more fully
utilize the VRE systemds energy out putn, redu
addition, despite the lower unit CAPEX of the alkaline electrolyzer, the dynamically operated PEM

electrolyzer still demonstrated tladility to produce a lower LCOH (for an optimally designed
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and operated system) than alkaline thanks to its ability to operate at higher current densities and
enable higher VRE:E plant designhi¥ paper show® $2 kg! H2 can be achieved through
simultaneous reductions in VRE and PEM CARHicreased PEM efficiency, and dynamic

operation, highlighting a pathway for greentdl achieve cost parity with SMR.

3.6 Resource Availability

Lead contact: requests for further infation should be directed to the corresponding authors Dan

Esposito (le2300@columbia.ediand Vasilis Fthenakis/inf5@columbia.edu

3.7 Materials Availability

No materials were used in this study.

3.8 Data and Code Availability
All code was developed in Jupyter notebook 6.1.4 and executed in Google Colab. The computer
code and input data are available ian open access Github repository here:

https://github.com/mq3217/Gred¢tydrogenrTEA.
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3.11 Appendix B

3.11.1 Figures

—— Baseline (180 microns)
2.8 A - High efficiency (50 microns)
—— Low efficiency (254 microns)

2.2 4

Applied cell voltage (V)

0 1 2 3 4 5 6
Current density (A cm™2)

Figure 3.8. Polarization (IV) curves. Related to Figures3.4-3.7 and Model Results and
Assumptions. IV curves were modeled using the 1D electrolyzer modidscribed below and
parameter values provided in Table S1. All three curves were generated using typical catalyst
loadings (2 mg Ir cm? for the anode and 0.5 mg Pt cmfor the cathode). The only difference
between the three cases was the thickness of the Nafion membrane, with baseline efficiency
corresponding to a membrane of 180 micron thickness (corresponding to Nafion 117), high
efficiency of 50 microns (correspondig to Nafion 112), and low efficiency of 254 microns
(corresponding to Nafion 1110).

Total cell voltage, Vei, was calculated as a function of current density based
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where |U] is the reversible cell potential of 1.23 Vg a n doer dre the kinetic
overpotential losses from the hydrogen evolution reaction (HER) and oxygen evolution reaction
( OER) , respeicst itvhed ya h mincera@iv ebir piaret calculatedausing thej

Tafel equation, which relates tlgegverpotentials to the logarithm of the current densiy, (i

wherey is the Tafel slopepiis the exchange current density for the HER and OER. Current

densities in A crd were normalized to the catalyst specific surface &8ga (

where catalyst loading is in gramsémnd catalyst specific surface area irf gram-.
The HER and OER Tafel slopes and exchange current densities are based on the average
reported values for Pt and lr@lectrocatalsts, respectively, at low temperature-@DC) and
are included in Table S1 along with other input parameters used in thefriotfét®

The ohmic overpotential associated with tknsport through the Nafion membrane was

calculated by varying the membrane thickness, t

s EXD om 3.7
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wh er e mishhe elgctrolyte resistivity, which is the inverse of the electrolyte
conductivity. The polarization curve showninFig8r8f or t he fibasel i nedo PEM
a 180 um thick Nafion membrane is consistent with polarization curves reported for commercial
PEM electrolyzers employing Nafiehl7 membranes and operating at a temperature -of 60

80°CIS4
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Figure 3.9. Estimated degradation of PEM electrolyzers as a function of current density
over stack lifetime under dynamic operation Related to Figures3.4-3.7 and Model Results and
Assumptions. Baselineefficiency iV curve of 0.15% degradation per 1,000 hours over 10 years.
While system lifetime was 30 years, after 87,600 hours (10 years) the stack was replaced and the cell
voltages reset to the initial values. Simulation performed for Dalhart, TX with &/RE:E ratio of 5
and 80% wind, 20% solar VRE mix.
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CAPEX vs. max current density

17

15

13 ¢

11

Electrolyzer system CAPEX multiplier

10

0 1 2 3 3 5 B
Max current density (Afcm?®)

Figure 3.10 CAPEX premium over baseline current density. Related to Figure3.4-3.7. The
maximum current density is shown to range from 0 to 6.0 A cri As the max current density
increases the total CAPEX increases by up to 75% over baseline. This CAPEX increase is shown as
a multiplier over the baseline CAPEX, assuming that 26% of the CAPEX, corresponding to larger
capacity power electronics, phase separators and dryers, and largeires, would increase linearly
with the current density above 2 A cnt.

89



100%

90%

80% June 1

70%

S 60%
(1+]
Q January 1
B 50%
(14
o 40%
30%
20%
10%
0% 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II/
0 2 4 6 8 10 12 14 16 18 20 22 24
Hour

Figure 3.11 Percentage of electrolyzer active area used over sample days under constant
current density operation at 2 A cn?’. Related to Figure3.3 for operation in Dalhart, Texas. VRE:E
capacity ratio of 5:1 and a VRE mix characterized by 20% solar and 80% wind. In constant
current density mode, the amount of active stack area exposed to the input energy is varied to
maintain the constant current density during the daily solar fluctuations. The simulation was
carried out for a 10 MW PEM electrolyzer system having a maximum active area is 265°m
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Figure 3.12 LCOH, lifetime H2 and excess power for constant and dynamicesitrolyzer
operation in Calvin, ND. Related to Figures3.4 and3.5. (A) LCOH, (B) lifetime H2 production, and
(C) excess (curtailed) electrical power (EP) calculated for electrolyzer operation under constant
current density mode at 2 A cn¥, (D) LCOH, (E) lifetime H production, and (F) excess (curtailed)
electrical power (EP) calculated for eleeblyzer operation under dynamic current density mode.
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Figure 3.13 LCOH, lifetime H 2 and excess power for constant and dynamic electrolyzer
operation in Maple Falls, WA. Related to Figures3.4 and3.5. (A) LCOH, (B) lifetime H»
production, and (C) exces (curtailed) electrical power (EP) calculated for electrolyzer operation
under constant current density mode at 2 A cm, (D) LCOH, (E) lifetime H; production, and (F)
excess (curtailed) electrical power (EP) calculated for electrolyzer operation under dgimic current
density mode.
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Figure 3.14 LCOH, lifetime H; and excess power for constant and dynamic alkaline
electrolyzer operation in Dalhart, TX. (A) LCOH, (B) lifetime H> production, and (C) percent
excess (curtailed) electrical power (% EP) calculated for electrolyzer operation under constant

current density mode at 0.7 A cn¥, (D) LCOH, (E) lifetime H; production, and (F) %EP calculated
for electrolyzer operation under dynamic current density mode.
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Figure 3.15 Estimated degradation of alkaline electrolyzers as a function of current density
over stack lifetime under dynamic operation Related to Figure S7 Baseline efficiencypolarization
curve of 0.11% degradation per 1,000 hours over 10 yearassumingadvanced pressurizd alkaline
electrolyzer with a gap of 0.2 mm between the electrodes and the separat8i.6]. While system
lifetime was 30 years, after 87,600 hours (10 years) the stack was replaced and the cell voltages reset
to the initial values. Simulation performed fa Dalhart, TX with a VRE:E ratio of 1.5and 100%
wind.
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Constant operation (CA)
Baseline LCOH ($6.64 kg™)

A VRE:E Ratio: 1.5:1 / 10% wind, 90% solar

12.82 ;

Best case S |
' $8.29
Total system CAPEX (low, baseline, high) 3.24 —

Wind system CAPEX ($700 / $1257 / $1277 $/kW) 56.43-' $6.65
PV system CAPEX ($618 / $1028 / $1159 $/kW) $5.25 I $7.08
PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) $4.83 — $7.84
Degradation rate (0.05/0.15/ 0.5 %/1000 hr) $6.53 _ $7.26
PEM electrolyzer efficiency (89% / 78% / 74%) $5.88 — $7.52
$2.50 $3.50 $4.50 $5.50 $6.50 $7.50 $8.50
LCOH ($ kg')

Dynamic operation (CA)
B Baseline LCOH ($6.09 kg™)
VRE:E Ratio: 4.5:1/ 100% solar

$2.63 :
P
Best case —
Total system CAPEX (low, baseline, high) | $3.18 — $7.43
Wind system CAPEX ($700 / $1257 / $1277 $/kW) $6.09 i
PV system CAPEX ($618 / $1028 / $1159 $/kW) | $4.37 I $6.64
PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) $4.90— $6.88
Degradation rate (0.05/0.15/ 0.5 %/1000 hr) | $5.96_ $6.71
PEM electrolyzer efficiency (89% / 78% / 74%) + $5.15 — $6.68
$2.50 $3.50 $4.50 $5.50 $6.50 $7.50 $8.50
LCOH ($ kg*)

Figure 3.16. Sensitivity analysis for Ludlow, CA. Related to Figure3.7. (A and B) Effect of
electrolyzer degradation rate, CAPEX, and efficiency on the LCOH for constant and dynamic
operation. The purple boxes to the left of the baseline indicate parameters resulting in LCOH below
the baseline, while the green boxes to the right of the baseline indicate parameters resulting in
LCOH above the baseline. The baseline values are in thenter and are as follows: wind system

installed CAPEX of $1,257 kW*, PV systeminstalled CAPEX of $1,028 kW, PEM electrolyzer
installed CAPEX of $1,068 kW ! degradation rate of 0.15% per 1,000 h, and efficiency of 78%.
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Best case [

Total system CAPEX (low, baseline, high)

Wind system CAPEX ($700 / $1257 / $1277 $/kW) |

PV system CAPEX ($618 / $1028 / $1159 $/kW)

PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) |
Degradation rate (0.05/0.15/ 0.5 %/1000 hr)

PEM electrolyzer efficiency (89% / 78% / 74%)

Constant operation (ND)
Baseline LCOH ($5.65 kg™)
VRE:E Ratio: 1.5:1/100% wind

B233
$2.68— $6.63
$4.06 I 55.71
$5.65
$4.26 I $6.57
$5.54 — $6.16
$5.00 * $6.30

L I 1

$2.00 $2.50 $3.00 $3.50 $4.00 $4.50 $5.00 $5.50 $6.00 $6.50 $7.00

Best case

Total system CAPEX (low, baseline, high)

Wind system CAPEX ($700 / $1257 $1277 $/kW)

PV system CAPEX ($618 / $1028 / $1159 $/kW)

PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW)
Degradation rate (0.05/0.15/ 0.5 %/1000 hr)

PEM electrolyzer efficiency (89% / 78% / 74%)

$2.00

LCOH ($ kg™)

Dynamic operation (ND)

Baseline LCOH ($5.23 kg™)
VRE:E Ratio: 4.5:1/100% wind
[$2.16 ;
|

$2.61 — $5.88
$3.50 — $5.29

$5.23

$4.35 IR $5.82

$5.10 IiE— $5.50

$4.46 — $5.68

$2.50 $3.00 $3.50 $4.00 $4.50 $5.00 $5.50 $6.00 $6.50 $7.00
LCOH ($ kg*')

Figure 3.17. Sensitivity analysis for Calvin, ND. Related to Figure.7. (A and B) Effect of
electrolyzer degradation rate, CAPEX, and efficiency on the LCOH for constant and dynamic
operation. The purple boxes to the left of the baseline indicate parameters resulgiin LCOH below
the baseline, while the green boxes to the right of the baseline indicate parameters resulting in
LCOH above the baseline. The baseline values are in the center and are as follows: wind system
installed CAPEX of $1,257 kW*, PV systeminstalled CAPEX of $1,028 kW, PEM electrolyzer
installed CAPEX of $1,068 kW ! degradation rate of 0.15% per 1,000 h, and efficiency of 78%.

96



A Constant operation (WA)

Baseline LCOH ($12.15 kg™')
VRE:E Ratio: 2:1/ 30% wind, 70% solar

ﬁ.ZG '
Best case — $14.67
Total system CAPEX (low, baseline, high) $6.10 —
Wind system CAPEX ($700 / $1257 / $1277 $/kW) $10.91 - $12.20
PV system CAPEX ($618 / $1028 / $1159 $/kW) $10.02 — $12.84

PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) $9.47 — $13.94

Degradation rate (0.05/0.15/ 0.5 %/1000 hr) $11.84 _ $13.51

PEM electrolyzer efficiency (89% / 78% I 74%) ) ) 510.76‘ _: $13.35

$4.50 $6.50 $8.50 $10.50 $12.50 $14.50

LCOH ($ kg™')

Dynamic operation (WA)

B Baseline LCOH ($11.04 kg™)
VRE:E Ratio: 5:1/100% solar

- f $4.88 ;
Bestcase | [N
Total system CAPEX (low, baseline, high) | $5.82 — $13.40
Wind system CAPEX ($700/ $1257 / $1277 $/kW) | $11.04 E
PV system CAPEX ($618 / $1028 / $1159 $/kW) | $7.82 — $11.04
PEM electrolyzer CAPEX ($353 / $1068 / $1546 $/kW) | $9.03 —i $12.37
Degradation rate (0.05/0.15/ 0.5 %/1000 hr) $10.81 :_ $12.14
PEM electrolyzer efficiency (89% / 78% / 74%) . .$9'48 —: 31‘1.99 ,
$4.50 $6.50 $8.50 $10.50 $12.50 $14.50

LCOH ($ kg™)

Figure 3.18. Sensitivity analysis for Maple Falls, WA. Related to Figur&.7. (A and B)

Effect of electrolyzerdegradation rate, CAPEX, and efficiency on the LCOH for constant and
dynamic operation. The purple boxes to the left of the baseline indicate parameters resulting in

LCOH below the baseline, while the green boxes to the right of the baseline indicate pareters
resulting in LCOH above the baseline. The baseline values are in the center and are as follows:

wind system installed CAPEX of $1257 kW, PV systeminstalled CAPEX of $1,028 kW*, PEM
electrolyzer installed CAPEX of $1,068 kW ! degradation rate 0f0.15% per 1,000 h, and efficiency

of 78%.
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B
LCOH by VRE:E ratio and location (constant operation) ¢ LCOH by VRE:E ratio and location (dynamic operation)
$30 30

B Lowratio M Optimal ratio ™ High ratio m Low ratio m Optimal ratio m High ratio
$25 $25

$20

$20
$10 + $10 |
S5 s |
S0

TX (0.5,2.0,10) CA(0.5,1.5,10) ND (0.5, 1.5,10) WA (0.5, 2.0, 10)

LCOH (S kgY)
W
G
LCOH ($ kg-1)
w
v

RE Mix: RE Mix: RE Mix: RE Mix: TX(0.5,5.0,10) CA(0.5,4.5,10) ND (0.5, 4.5,10) WA (0.5, 5.0, 10)
60% wind 10% wind 100% wind 30% wind RE Mix: RE Mix: RE Mix: RE Mix:
40% solar 90% solar 70% solar 80% wind 100% solar 100% wind 100% solar

20% solar

Figure 3.19. Dependence of LCOH on VRE:E capacity ratio and location. Related to
Figures 3.4-3.7. For dynamic operation there is less difference in LCOH between optimal ratio and
high ratio than constant current density operation, demonstrating that the dynamic electrolyzer
can better take advantage of oversized renewable energy generation. Locations: Dalhart, Texas,
Ludlow, California, Calvin, North Dakota, and Maple Falls, Washington. The numbes next to the
state abbreviations on the xaxes correspond to the VRE:E ratios indicated in the figure legends.
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3.11.2 Tables

Table 3.3.Parameters used in the techn@conomic model.

Symbol Parameter Value / Unit Reference / Notes

Jop,r Rated current density 2.0 Acm? 120

Vop Operating voltage (per cell) V 121122123124

Jop Operating current density A cm? NA

V max Maximum allowable voltage (per cell 2.9 V Personal
communication with
industry

Ae Electrode area cny Egn3.1

n Number of electrons transferred per| 2 NA

mole of B
F Faraday constant 96,485 C mol | NA
rd Degradation rate 0.15% per 100( 125
hours

CAPEXi=0 Upfront total installed cost $ NA; CAPEX(>0)=0)

OPEX Annual electricity cost for year i $yrt NA; electricity cost
is included in RE
system CAPEX

O&Mi Annual operations and maintenance| $ yr* NA,

for year i non-electricity costs

Mh2,i Annual kg of hydrogen production | kg yr* Egn3.5

LCOH Levelized cost of hydrogen $ kgt Egn3.5

PWF Present worth factor NA

EBOP Electrical balance of plant $ (17% of systen| 109

CAPEX)

Phase Phase separators, dryers $ (9% of systen| 109

Separators, CAPEX)

Dryers

) Electrolyte condctivity 0.12 S crt S5

OER catalyst | OER catalyst loading 2 mg cn? 11971,125

loading

Sa,0ER OER specific surface area 20 n? gram* 11971,125

lo OER OER exchange current density 2.6 x 10°Acm? | 11971,174Error!
Bookmark not
defined.

Pa OER Tafel slope (anode) 0.0712 V detd 11971174

HER catalyst HER catalyst loading 0.5 mg cn? 121

loading

Sa HER HER specific surface area 25 nt gramt 11971,174

lo HER HER exchange current density 0.062 A cn? 121
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be HER Tafel slope (cathode) 0.055 V det 121
tm,baseline Membrane thickness (baseline) 180 microns 123
tm,high Membrane thickness (high efficiency 50 microns 124
tm,low Membrane thickness (loefficiency) | 254 microns 124

Table 3.4. Assumptions used in

the techn@conomic model

Assumption

Reference

PEMEL sized to 10 MW PV array

A_e for dynamidased on rated Jop of 2 A @m
Dynamic Jop range of 0 to 6 A/cm2

CAPEX includes cost of PV system ($1,028/kW
and / or wind system ($1,257/kW)

30 year lifetime; MEAS replaced every 10 years
(2x)

Baseline at 2 A/lcm2

109

Replacement cost of 33% of CAPEX for
electrolyzer stacks

Personal communication with industry

Electrolyzer capacity of 10 MW
(10) 1 MW stacks sharing 1 balance of plant
(BOP))

Personal communicatn with industry

Electrolyzer stack life of 10 years 43
Discount Rate of 10% 105
Baseline uninstalled CAPEX of $898 k{2023 | 109
USD$)

Baseline installed CAPEX of $1,068 k{2023

USD$)

Low Installed CAPEX of $353 kW/(2023 USD$) | 116
High Installed CAPEX of $1,546 per kW (2023 | 55

USD$)

(200 kW system at 10 units per year; includes
installation cost of 33% and markup of 50%)
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Effective installation factor of 19% (A 12%
installation factor is applied to the stack capital o
and electrical BOP cost, while a 46% installation
factor is applied to the mechanical BOP.)

Electrical BORncludes a 43% markup and a 209
equipment cost modifier based on a boti@m
analysis. Mechanical BOP does not include a
markup based on a botteap analysis. Stack cost
does not include a markup and is based on a D¢
for Manufacture and Assembly (DFMAanalysis
done in Aspen. A production rate of 600 MW for
distributed PEM systems per year is assumed.

109, 78

Total system cost = stack system cost + mechatr
BOP + electrical BOP

Uninstalled stack system cost of $564 kW
Uninstalled mechanical BOP cost of $178 kW
Uninstalledelectrical BOP cost of $155 kW

Total system cost = ($564 + $178 + $155) x 10,(
kW = $8,980,000

109

Operations and maintenance cost of 5% of the
installed CAFEEX applied annually for electrolyzer
lifetime

43

Baseline Efficiency of 78% with respect to (wrt)
HHV, corresponding to a voltage of 1.89 V at 2 /
cm? and an enthalpic voltage of 1.48 V at STP

123

Low Efficiency of 74% wrt HHV, corresponding t
a voltage of 2.01 V at 2 A chand an enthalpic
voltage 0f1.48 V at STP

124

High Efficiency of 89% wrt HHV, corresponding
to a voltage of 1.67 V at 2 A chand an enthalpic
voltage of 1.48 V at STP

124

Uninstalled electrical balance of plant (EBOP) at
phase separators and dryers costs increase line

with current density above 1.7 A ¢m

NA
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EBOP, phasseparators, and dryers comprise 26 109
of uninstalled CAPEX. Electrical balance of plan
is 17% of uninstalled CAPEX. Phase separators
and dryers are 9% of uninstalled CAPEX.

Installation cost for the EBOP and phase separg
and dryers costs increase witlri@nt density.

Effective installation factor is 19% of CAPEX. At
Jop </= 2.0 A cntinstallation cost is $171 kW
(19% x $898 kW) while at Jop > 2 A cri
installation cost is (19% x (126%) x $898 kW)

+ (19% x 26% x $898 kW) x Electrode Area dop
X Vop).

Model excludes compression, storage and NA
dispensing cost, replacement costs, property tax
space cost, insurance cost, and end oshfgage
value.

Chapter 4: Integrating Solar Energy, Desalination, and Electrolysis

This chapter has been published with Solar RRL.

4.1Introduction

The photovoltaics (PV) industry has accomplished phenomenal cost reductions through
improving efficiency in manufacturing and deployment. The prices of PV electricity have been
reduced to levels in parity with unsubsidized electricity rates in arid areas of high solar
irradiation that need to expand the capacity of water desalinatioecadd ago, utilinscale PV
systems were sold for $4,000 per kW, but now their cost is lower by a factor of five, producing
electricity at $0.04/kWh in the Southwest &%8T he U. S. Depart ment of
unsubsidized levelized cost of electycft. COE) for utility-scale PV is $0.03 per kWh by 2025

and $0.02 kwh by 2030"28129
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The current global demand for hydrogen is around 70 million metric tons per year and
nearly all of it is produced with fossil fuels. About 50% comes from reforming ha@asand
refinery gas, 30% as a{product from chemicals production, and ~15% from coal gasification;

only about 4% of global hydrogen production comes from electrdf§8f&. Technology

selection is driven by cost considerations; hydrogen can be produced from natural gas at a cost of

~$2 kgt in a process that emits 11.8 kg £ per kg of H produced®? Current estimates of
levelized cost of hydrogen production (LC@Hrom electrolysis are in the range ofi $6/kg
hydrogen at electricity costs of $0.05 to $0.07/k¥Ain order to reach cost parity with SMR at
all scales, the LCOfor electrolytic H must be reduced to $2.082.27 kg, although the
breakeven cost coulte as high as $3.3@y? in favorable hydrogen markets like Texas

Although the cost of hydrogen production from electrolysis currently costs upto 2 or 3
times more than hydrogen from SMR, as this cost is a strong function of the price of electricity
and as very loveost electricity from the sun and wind is available, clean hydrogen production is
getting a new look®*313°\ith a new focus on the reduction of greenhouse gases, policy is
driving hydrogen research forward, particularly in Europe, Japan, Australia, and, a&s thidat
US 138 A recent USDOE Hydrogen Shot Summit set an ambitious target for the production of
clean hydrogen at $1/kg by 2050 The expectation is that policies and associated incentives
would have the same catalytic effect in clean hydrogen production that policy in Germany during
2001-2005 had in starting the deep price reductions in solar and wind electricity production.

If zero-carbon electricity from renewable energy is used to power electrolysis, the clean
hydrogen produced could be used to power automobiles amafacture chemicals, materials,

and synthetic fuels. However, in scenarios of large hydrogen production, especially in arid areas

and islands, seawater may be the only sustainable source of water for electrolysis. Consequently,
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R&D efforts aim at developancorrosionresistant electrodes or new electrolyzer technologies
for direct seawater electrolysi$However, our study shows that coupling desalination and
electrolyzer systems is a caftective solution in using seawater for electrolysis, and such
coupling can be optimized to offer systeost reductions and further advance the benefits that
low-cost renewable energy electricity offers to the economics of integrating desalination and
electrolysis. In the following sections we highlight the current and projected impact of
renewable energgeneration on electricity prices, and developments in solar, desalination, and

electrolyzer technologies that enable a-lowst production of clean hydrogen.

4.2 Effect of Variable Renewable Energy on Electricity Prices in California and
Texas
The photowltaics (PV) industry has accomplished phenomenal cost reductions through
improving efficiency in manufacturing and deployment. The prices of PV electricity have been
reduced to levels in parity with unsubsidized electricity rates in arid areas of hagh sol
irradiation that need to expand the capacity of water desalination. As the economics of both
desalination and electrolysis are strongly impacted by the cost of electricity and their potential is
associated with the availability of leaost green energit,makes sense to look at electricity
prices in states with high solar and wind energy contributions to grid electricity. For this,
California and Texas I1SO electricity price series (locational marginal prices, LMP) were
examined.

The California 2020 emgy mix included 7% wind and 14% solar. The Texas 2019
energy mix included 20% wind and <2% sdf&Both wind and solar contributions increased in

2020 resulting in 23% wind and 2% solar. The projected Texas 2030 Limited Capacity, which
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assumes not earhgtirement of fossil and nuclear generators, includes 30% wind aB@40
solar penetrations. The California 2030 Limited Capacity includez0%0 wind and 30% solar
penetrations3®

The boxplots in Figurd.1 show the full range of LMP in these states waaks; their

statistical distribution is described in the figure caption.

Electricity price distributions
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Figure 4.1. Annual histograms and box plots of nodal LMPs. The boxplots show in log scale
the full range of the electricity price datadistributions (except occasional negative values). Each
box shows the interquartile range (IQR), or the middle 50% of values; orange lines show the
median electricity price; black whiskers depict the range of lower and upper values that are not
outliers; outliers lie in the ranges shown by the blue lines. The range of the outlier prices (not shown
in this figure) are $0.28%$5.07/kWh in ERCOT 2019; $0.17%2.01/kWh in ERCOT 2020, and $0.87
$1.00/kWh in CAISO 2020.

The mean prices (not shown in this figure) the five distributions are: ERCOT 2019=
$0.038/ kWh, ERCOT 2020= $0.022/kWh, CAISO Martinez 2020 = $0.034/kWh, CAISO 2030
= $0.043 / kWh, ERCOT 2030 = $0.025/kWh.

It is noted that the ERCOT 2019 mean is driven up from the high price outliers reaching

$5kWh, while the CAISO mean electricity LMP is driven down by the of low outliers in this
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grid; the outlier frequencies are shown by the blue lines in Figylirdt is also noted that the
range of prices in 2030 is narrower than that in 2020, as thef@ssume investments in
transmission that would prevent price variability associated with transmission congestion. The
2030 projections include not only VRE penetration but also natural gas costs, load growth, and
projected carbon costs of $52/t €@ CAISO.

The impact of this high penetration can be further detailed from the histograms of extreme
prices monthly distributions shown in Figuee2 and4.3. The monthly frequency distributions
of outliers in the ERCOT grid~jgure4.2) show that most of theigh prices occur during the
summer and that the increase of solar from in the 2030 projections drastically reduces the
summer high prices, while the increase of wind penetration reduces the high price outliers during
the winter and spring and also resuit low price outliers during the same period. More
specifically,a comparison of the ERCOT 2019 and 2020 dagu(e4.2) shows that the
increase of solar and wind, together with a reduction in the demand due to Covid, in addition to
reducing the mearsaliscussed earlier, also reduced the high outliers during the summer months.
Figure4.2 also shows that the projected 2030 increase of wind penetration to 30% and solar to
10+% reduces the high outliers every month except August, and, in addition, irekavits

outlier prices in all months except July.
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ERCOT 2019 High Outliers by Month ERCOT 2020 High Outliers by Month
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Figure 4.2. Monthly histograms of electricity price outliers in the ERCOT grid. The 2019
and 2020 show only high price outliers, whereas the 2030 projections include bdiigh and low
outliers.

From the monthly histograms of the CAISO price d&igyre4.3), one can deduct that
the high solar penetration in the state (14% in 2020), resulted in low outlier prices during May
June, while the increase of solar to 30% in 2030, significantly increases the low outlier prices

and completely eliminates the high loerts.
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CAISO 2020 Low Outliers by Month

CAISO 2020 High Qutliers by Month
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Figure 4.3. Monthly histograms of electricity price outliers in the CAISO grid

In the following sections we will show how such electricity price distributions may
impact the economic potential of seawater desatinatnd electrolytic hydrogen production and

how technology integration can further amplify this impact.

4.3 Coupling Renewable Energy with Desalination and Electrolysis
Both water production by desalination and hydrogen production via electrolysis feay of
opportunities for synergy with variable renewable power generation. Both technologies offer

ways to use and store, instead of curtail, solar energy. When powered by solar energy, we expect
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that an integrated desalination and electrolysis facilitybeaefit from multiple synergies,

including but not limited to: i) desalination providing high purity water for water electrolysis, ii)
electrolysis waste heat providing an energy source for thermal desalination, iii) energy storage in
the form of clean kifuel, and (iv) more flexible operation that enables higher utilization of solar
thermal energy or electricity and lowering of the Levelized Cost0f [ HCOW), and the

levelized cost of HI(LCOH2). The concept of integrated technologies and bridging industry

sectors that are commonly viewed individually, is shown by the schematic in Bigure

Wind ‘ Grid
/'\ AN
<
=
Solar -
Collectors or Toer
CSP plant I
l'— \
A 4
LT-MED Waste Heat
or MD Batch | | (e | Electrolysis
Seawater IE———) System 0,
Reject brine4 RO triple pass Ultrahigh
or purity H,O
RO+ IX

Figure 4.4. Integrated solar/wind-powered plant for the production of fresh water and
hydrogen from water desalination and electrolysis, respectively

The figure depicts seawater feed in desalination assuming that for electrolytic hydrogen
generation to become prolific throughout the world, seawater would be needed as a feedstock.
Also electrolyzers reqee deionized water to produce hydrogen while generating a great amount
of heat and this is shown in the figure. The relevant parameters are discussed in the following

sections.
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4.4 Overview of Seawater Desalination Technologies
Desalination technologiemnd industry have advanced significantly during the past two decades
to meet the growing freshwater demands stimulated by the compounding issues in both water
quality and quantity in many regions of the worléiThere are more than 20,000 desalination
plarts operating worldwide with a total operating capacity of about 100 millitd. iBeawater
desalination represents the largest percentage of online global capacity‘4t 60fe
considered energyntensive and cogtrohibitive, desalination technologieeanow being
embraced and are considered as important elements of water portfolios for many communities.
Desalination can be performed through thermal means by evaporation/ condensation or
mechanical (presswdriven) means such as osmotic membrane prese$tiermal technologies
require both heat and electricity for separation of freshwater from saline water while pressure
driven membrane technologies require only electrical energy, which is converted to mechanical
energy for separating the dissolved selicbm the saline water.

Currently the lowest cost membrabased technology for the desalination of seawater is
reverse osmosis (RO), and the lowest cost thermal technology for seawater-effieuilti
distillation (MED) and membrane distillation (MD)rfemall units. The energy required per unit
of freshwater product is expressed as specific energy consumption (SEC), with units ofkWh/m
Depending on the cost of electricity, energy costs can be in the rang®&0¥%d.6f the cost of
freshwater producedytseawater desalination. MED processes require abel®B®&Whn/m? of
thermal energy and ~1.5 kWin electricity for circulatory pumping. Emerging MD processes
require about 60 kWikim? of thermal energy and ~0.5 k\Wim® electricity.Seawatereverse
osmosis process (SWRO) for producing potable water, requires aboutsBridi¢n the

Mediterranean Sea, Atlantic and Pacific oceans, and 4/kWfor the Arabian Gulf?

110



In most applications, seawater reverse osmosis (SWRO) can produce potable water at
costs lower than MED. However, the product water from RO would contain total dissolved
solids (TDS) in the range of 2€8D0 mg/L, whereas ED produces the distilled, denized
water that is required as feedwater into electrolyzers. Thus, RO units would have to be
supplemented with additional processes, such asxohange, or implement multiple passes, in
order to demineralize the waterttee quality required by electrolysis feed. These additional
processes add to the cost of product water which may lessen or even eclipse the RO cost

advantage when coupled with electrolysis, as discussed in the following section.

4.4.1 PV-RO with multiplegpasses or ion exchange

With less than 1% of desalination capacity powered by renewables, solar PV is the most
commonly used RE technology for powering B&Conventional RO plants typically produce
potable water from either seawater or brackislter, generating permeate with total dissolved
solids (TDS) in the range of 28D0 mg/L. Subsequent RO stages, where the permeate from one
stage is passed to the next stage to reduce TDS, are needed to produce deionized water with
TDS<0.5 mg/L. Alternatiely, an iorexchange unit can be implemented downstream of RO
stages. While neither a singd@ass SWRO system, nor SWRO followed by'%pass, would be

able to achieve the required product water quality, seawater RO followed by two passes (RO
triple pass) would43. Alternatively, seawater RO followed by an additional pass- RDble
pass) and an ion exchange unit could also satisfgrttauct water quality required to feed the

electrolyzer. The associated costs are shown in Hable
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4.4 .2 Static solar collector coupled with EMIED

Low temperature (LT) MED requires relatively layvade thermal energy with temperatures
between 6600 °C and it produces distilled water witss than 0.5 mg/IDS, which is
sufficient purity for input into electrolyzer$here are typically two types of solar thermal
collectors, FPC (Flat Plate Collector) and ETC (Evacuated Tube Collectors); they eeatgen

heat up to 90 °C and 100 °C respectively, and thus would be an ideal sourceM&D. 4

4.4.3Static solar collector coupled with MD

Membrane distillation (MD) is an emerging technology, not fully commercialized yet, that can
operate at relativgllow temperaturesbetween 6@B5 °C) and treat high salinifged watet*
Current MD applications are at low capacities, using spitalnd modules with aigap

(AGMD) configuration. Among current designs, batgberated vacuuranhanced aigap

(VAGMD) offers the lowest specific thermal energy consumption (STEC) and higher recovery
ratest*® Theoretically MD should produce very pure water, but the currently used membranes
can have defaults (just one rRbypdrophobic pore can allow a fraction of feed togg@sough),

so the permeate is not as pure as in MED (although it is better thamB© and double

pass)*’. Thus, although MD is sometimes cited as complementary to electfdisis not

certain that current MD systems can produce permeatile atquired for electrolysis purity of

< 0.5 mg/L TDS. Surely, this will improve as the technology becomes commercial and therefore
more suitable membranes (specifically designed for MD) can be'tf<gal far, membranes used
for MD are hydrophobic membras designed for microfiltration because the small market has
not enabled the MBpecific membranes developed in the lab to beagbed and

commercialized>®
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4.4.4 CSP with MED

Concentrated Solar Power (CSP) collectors such as Linear Fresnel (LF) arai®d@rabgh

(PT) are able to generate hitgmperature heat up to 500 °C or higher. Thus, depending on the
requirement of the heat source, the MED unit can be either installed after the CSP solar field to
directly utilize the thermal energy output from t@lectors, or it can also be integrated into the
Rankine cycle by replacing the condenser in the cycle.

With the first configuration, Askari et‘at compared the LCOW from L-MED and LF
MED-TVC systems, where the MED units are powered by the LF seldr éind estimated that
the LCOWSs of fresh water produced from seawater were 2 8e8/th3.3 $/rfy respectively. For
the second configuration, researchers at the Plataforma Solar de Almeri&?$papled MED
and MEDTVC units with a PT CSP plant witilzhr thermal energy storage. They found that
the LCOWi from seawatercan decline to the range of 0-8410 $/ni, making it one of the least

expensive desalination technologies.

445 CSRPRMD

Most of the studies on solar driven MD systems have used stédiccollectors. However, the
ongoing EU (European Commission) funded project MEDE$88 aims at developing
systems with a capacity from 0.5/atay to 50 ni¥day, powered by an advanced compound

parabolic solar concentrator , in order to improve the SeBGe technology.

4.4.6 Waste heat in MD and MED
The levelized cost of water (LCOW) produced by thermal desalination is a strong function of the

levelized cost of heat (LCOH) required in the application. A current low LCOH for heat
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generated by solar collectors or natural gageeeration is about $0.8&Wh(th). We used the

Solar Energy Desalination Tool (SEDAT), under development at Columbia University with
support from the Solar Energy Technology Office (SETO) of thebdBartment of Energy

(DOE) ***to estimate LCOW assuming LCOH values of $0.025/khgnd $0.01/kWh(th); the

later corresponding to the free production of waste heat from electrolyzers and a marginal cost of

directly providing this heat to desalination systems near the electrolysis unit.

4.4.7 Comparison of desalination systems
To esimate the cost of desalinating seawater and producing ultrapure water, engineering,
procurement, and construction (EPC) costs were computed based on data for plants serving
industrial users, from the Global Water Intelligence databa#e/erage unit EPCasts are
reported for small (<1000 {fday) and large (>50,000%day) RO plants fed by either seawater
or pure water. For medium size (208,000 ni/day), an exponential relationship was applied
to interpolate the EPC cost. O&M costs comprising laboraéntenance, chemicals, and
membrane replacement were estimated as 4% of capex, and energy costs were considered
separately.

The results of the comparison of the considered desalination systems are shown in Table
4.1 and Figureg.5 and4.6. In addition, ® systems that can produce deionized water, we
included for a price reference, the most commondR@le pass and R@ouble pass, which

only produce potable water.
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Table 4.1. Cost comparison of various desalination systems

Water Producti admyCapacity=50 m3/
EPA Opex |SEC STEC LCOE [LCOH |LCOMW
($7m) [ ($Dm [(kWE/ M (kWhéth [($/ kM(S$/ KW[($)m
i . 085 1.14
ROsingl > 68| 0.35 3.7 0 0.0
pass 0.03 1.07
0.0F5 1.68
RGdoubl 45 971 o.54 5. 0 0
pass 0. 03 1.58
0. 05 1.83
ROdoubl 4, 59/ 0. 69 5.0 0
pass”® + 0. 03 1.72
: 0.0F5 2.19
RGtripl 5 16/ 0.72 6.2 0
pass 0. 03 2.07
0.01 2.00
0. 05
0.02 2.86
MDbat c 5,76 0.25 0.3 59. 2
0.01 1.98
0. 03
0.02 2.84
0.01 1.68
0.0F5
0.02 2.67
LTMED* *| 3, 67 0. 21 1.5 65.5
0.01 1.65
0. 03
0.02 2.64
Wat er ProductidmaGapacity=120 m
; 0.0HF4 1.14
RGsingl 5, 6g| 0.35 3.7 0
pass 0. 03 1.06
0. 04 1.609
RGdoubl 5 971 o 53 5.2 0
pass 0. 03 1.58
0. 05 1.83
RGdoubl 4, 59| o 69 5.2 0
pass® + 0. 03 1.72
- 0. 04 2.20
RGtripl 5 16/ 0.71 6.8 0
pass 0. 03 2.06
0.01 180
0.0HF4
0.02 26 6
MDbat c 4,73 0.24 0.3 59. 2
0.01 17 8
0. 03
0.02 26 4
0.01 1.60
0. 04
LTMED* *| 3, 26 0. 21 1.5 65. 5 0.02 2.58
0.03 0.01 1.57
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0.02 2.55
Water Productiohd&gpacity=2,000 m
, 0. 05 0.98
RGsingl , 5,30 o.29 3.7 0 -
pass 0. 03 0.91
0. 05 1.50
Rodoubl 3 39| 0.46 5.5 0 -
pass 0. 03 1.39
0. 05 - 1.64
ROdoubl 53 751 g 69 5.5 0
pass” + 0. 03 1.53
, 0.05 1.98
RGtripl 4 49| 0.58 7.0 0 ;
pass 0. 03 1.84
0.05 2. 12
ROdoubl 4 49| 0.73 7.0 0 .
pas s+l 0. 03 1.98
0.01 1.05
0.05
0.02 236
MDbatc| 3,23 0.24 0.3 59. 2
0.01 148
0. 03
0.02 2 43
0.01 1.38
0.085
0.02 2.37
LIMED**| 2,22 0.20 1.5 65. 5
0.01 1.35
0. 03
0.02 2.34

A F o-exchangey water costs can range between $&021/n%; thus, an average cost of $0.145/mas .added
to the LCOW of any RO cases that included-éxchange. Lacking cost bredkwn data, we assumed that this
LCOW is equally distributed between Capex and Opex.

AAnterest rate and plant lifetime were set to 4% and 20 years, respectively.

* The recovery rate of MEbatch system selected at the design point is 50%.

** The recovery rate of LIMED system selected at the design point is 50%.
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Figure 45. LCOW breakdown of different desalination technologies at a small (120 m3/day)
capacity (LCOE for MD-batch and LT-MED is 0.05 $/m3)

CAPEX Opex Enargy cost
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164
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0.98
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Figure 4.6. LCOW breakdown of different desalination technologies at a medium (2000
m3/day) capacity (LCOE for MD-batch and LT-MED is 0.05 $/m3)
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As shown in Tabld.1, although conventional RO can prodpctable water at levelized
costs of water (LCOW) much lower than that of thermal desalination plants, the addition of
passes and/or ie@xchange systems to completelyrdmeralize the RO permeate water, and the
use of el e c-heat@d sypletesralsnput imt@MED and MD, makes the LCOW of
thermal desalination lower than that of R@ple pass and RO+IX (assuming that waste heat will

only cost $0.01/kWh).

45 Overview of Electrolyzer Technologies
45.1Hydrogen Production

Electrolyzers produce hydrogen by splitting water with direct electrical cuBpliting liquid

water into hydrogen at 25°C requires a minimum voltage of 1.23 V be applied across the anode

and cathode of the electrolyzer, which decreases as the temnpénateases. The voltage of

1.23 V corresponds to the Gibbs free energy

+237 kJ/molell @G is someti mes us efdrcacslatingtelectratyree r g y

efficiency. However, the electrolyzer industry more commonly uses the higher heating value
(HHV) as the basis of the energy contentefH Unl i ke @G, which only
reversible (electrical) energy that could beorered from H, HHV also takes into account the
thermal energy that could be recoveredifwére combusted with £and all of the heat

produced from combustion was captured as t#{@ ptoduct and returned to 25 °C. For standard
temperature of 25 °C, HHW 285.8 kJ/mole b which corresponds to a thermodynamic
minimum cell voltage of 1.48 V to split water. This voltage is also knowheasecalled
thermoneutral cell voltage,#)which has important implications for heat flow to or from the

electrolyzer At cell voltages below & ambient heat must be consumed, while excess heat is
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generated above this valtté As discussed in section 4.2, PEM electrolyzers typically operate at
cell voltages around 1.75 V, meaning that inefficiencies associatedhmitic and kinetic
overpotential losses during operation manifest as heat generation. At higher current densities the
cell voltage increases further, and thus additional heat is generated that must be removed.
Commercial water electrolyzers are based oreedlkaline electrolysis (AE) or polymer
electrolyte membrane (PEM) electrolysis. The electrolyte in alkaline electrolyzers is usually an
aqueous solution af 0 "Oraditionally this technology has been the main technique in
large-scale electrolysis aitchas been in use for several decades. It is a mature technology
which can still compete with the much newer PEM technology. Its main disadvantages compared
to PEM technology are the low current density (e.g., 0.1 to 0.4°A larger stacks, and lower
flexibility in terms of load on the system). It is because of these properties that the demand for
PEM technology has boosted over the last few years; experts forecast that PEM technology will
be dominant by 2030, but critical gaps must still be closedeiateas of materials, operating
conditions, durability and economic viability

The electrolyte in PEM is a solid polymer capable of conductiatpps (O+), which
results in an acidic environment. Catalysts capable of operating under these conditions are
precious metals such as platinum and iridium, and the acidic nature results in short lifetimes
compared to alkaline technology. The ha@hrent densities achieved by a PEM electrolyzer do
however allow for very compact design. In PEM electrolyzers, the electrodes are pressed against
a thin film of electrolyte. These layers together are also referred to as the membrane electrode
assembly (NEA) and form the heart of the electrolysis cell. The MEA together with current
collectors and separator plates make up the cell that, on average, is only 5-9 mm thick. This

structural compactness result in a much smaller footprint compared to alkalineloggh
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Our investigation entails PEM electrolyzers, although alkaline may still be less expensive,

because PEM, in addition to their smaller footprint, they are more amenable to high current

density operation and, therefore, get more benefit from th@times of solar and wind
electricity. The system cost for 10 MW PEM i s
~$900KW.*° Limited data on cost reductions beyond 2020 are available, though some

projections take the ¢%st down to 250 U/ kW by

45.2 Electrolyzer Current Density

Traditionally, electricity has been the single largest cost contributor to the b GOkh
electrolyzers, whictare typically operated at constant current densiti®$ PEM electrolyzer
efficiencies are commonly rated at 1.7 A“€rithey generally operate in the range &f A cn?,
although operation at much higher current densities is possible with modifications to the
electrolyzer power electronics, cell design, atatls design. As the current density increases and
more current is introduced into the unit, more hydrogen is produced, although the efficiency of the
electrolyzer is reduced. Figure7a shows the currenbltage (FV) curves and corresponding
efficienciesbased on experimentaM curvesreported by Nel Hydrogen for PEM electrolyzers
containing 60 pm thick Nafion membran®8.Figure4.7b presents an illustration of the tradeoff
between electrolyzer current density and efficiency. As shown, current dehsity A cm?
corresponds to a voltage of 1.74 V on the baseline IV curve and an HHV efficiency of 85%. In the
following we investigate this tradeff by comparing modes of operation at the currently most
typical current density of 1.7 &m2, and elevaig current densities of 2.7, 3.2, 4.4 and 62,

The choice of these current levels stems from a detailed technoeconomic analysis covering a wide

electricity price range. It was found that 2. 22 results in lowest LCOKHwhen electricity prices
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are 4 $0.03/kwWh, while electricity price reductions to $6@M02 favors operation at 4.4 A/ém

and free electricity favors operation at the maximum current density, thus &.Atésnoted that

cell voltage of 6 Acm? is very high for currenthicommercially available electrolyzers, but a
research focus for improving the cost of PEM, on bipolar plates, porous transport layer (PTL) and
catalyst coating could result in-designing the stacks and enable higher power densities to 6 A
cm2 or higher i the next few decadé® Thus this high current density is included as a high limit
case in the current cesptimization exercise and, interestingly, it was found that it may make
economic sense only when electricity is completely free because ofdbeftraetween increased

energy charge (OPEX) and hydrogen production.

1.0 30
60 I High current Low
0.9 mierons ’ density efficiency
—_ 120 6.0Acm? = - 2%
X 08 <
iy {15 ©
g 07 S 44Acm? = = =|= 65%
o =)
o 1 10>
E
06 1 o5
17ACM = = = = 857
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Low current ; -
Current density (A cm?) density V High efficiency
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Figure 4.7. Efficiency vs. current density in PEM eletrolyzers. (a) Current-voltage (I-V)
and corresponding efficiency curves based on experimental IV curves reported by Nel Hydrogen
for PEM electrolyzers containing 60 um Nafion membranes (b) lllustration of the tradeoff between
electrolyzer current densityand efficiency

For all operating modes, a cumulative degradation & ¢f 0.1%% of cell voltage per
1000 hours was assumed, consistent with reported degradation rates for PEM elextf8lyzer

Applying the DR as a percentage of the operating voltaagk the effect of scaling DR
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proportionally to d since Wp increases withod (Figure 4.8a); thus higherod was assumed to

entail higher degradation rates. An upper limit or threshold @wes set to Ma=2.9 V, above

which electrochemical generation of ozone or other reactive oxygen species at the anode can
prematurely accelerate electrolyzer degradatiotdngaging the membrane, ionomer, and/or other
componentg®?

We examined the hypothesis that the availability of abundantasi electricity from
variable renewable energy (VRE) may justify operating electrolyzers at higher current densities.
Using2020 LMP data from the Martinez node of CAISO, with an average electricity price of $0.03
kwh, we found an electrolyzer run at constant operation at various current densities within a
range of 0.1 to 6 A crf resulted in a minimum LCO46f $2.59 kgt at2.7 Acm?. For the ERCOT
2019 data showing a mean price of $0.04/kWh, LE®Hminimized at a Jop of 2.6 A ¢t
whereas for the ERCOT 2020, which has a mean electricity price of $0.022, kvi¥Hfound a
minimum LCOH of $1.93 k¢! at a constant Jop ofBA cni?. This shows that as electricity prices
increase the optimal Jop is decreased. Also, as current density increases, the OPEX, normalized
per kg of H, increases and normalized CAPEX ($'kdp) decreases because high current density
operation uses are electricity and produces more hydrogen. CAPEX is the main contributor to
the LCOH at current densities below 0.7 A @niThe CAPEX dependency of current density is

shown inFigure4.11.
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Figure 4.8. a) Electrolyzer LCOH2, Capex andOpex, corresponding to constant LCOE of
$0.022/kWh, as a function of current density; as current density increases, more electricity is used
increasing the Opex, while the Hproduction increases, thus decreasing Capex (per kg:H
produced). b) LCOH; for three cases of constant current at 24/7 operation and corresponding
lifetime operating expenditure (OPEX), which is the energy charge, and capital expenditure
(CAPEX) normalized by kg of Hs.

45.3Electrolytic Heat Generation

As discussed, operating atlosltages above 1.48 V generates excess heat. In this section, we
examine the use of such excess heat as an input to thermal desalination units.

The waste heat is produced at a rate directly proportional to the difference between the actual cell

voltage Uc and the thermoneutral voltag 162
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~ ~ ~

0 02Y Y (4.1)
WherePun(W) is the power dissipated as heat in a water electrolysis cell operating with
an electric currenti(A) andUc(V) is the difference in potential between the anode and cathode.
The estimated heat generation, according to this equation, for a 10 MW BE&hkblgker is
shown in Figuret.9. It is noted that heat generation is a strong function of the cell current
density as increase of operating current density is associated with increasing electricity input, and
as the hydrogen generation efficiency deaesaa larger fraction of the electricity input is

dissipated as heat.
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Figure 4.9. Waste heat generation for a 10 MW PEM (rated capacity at 1.7 A ¢13)
electrolyzer operating at 60 °C. a) total heat generation; b) heat generation per kg of hydrogen
production, based on the I/V curve shown irFigure 4.7a.

Our investigation shows that current densities up to 4.4 Akoald result in the lowest
LCOH: for LCOEs down to $0.00.02/kWh. Our simulations also show that the high limit of 6

A/cm? would be cosefficient only in scenarios of free electricity.
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When operating at a rated current density of 1.7 &,al0 MW PEM electrolyzer uses
about 46 mof high purity water per day to produce 5,130 kg o{HO/H2 mass ratio = 9) and
36,240 kW(th) of heat per day. If the current density of the same PEM electrolyzer is increased
to 4.4 A cn, it will consume about 120 Hday water to produce 13,295 kfjHr and 244,560
kWh(th) per day. Using the STEC listed in Table 1 forMED and BatchMD, (i.e., 65.5 and
59.2 kWhw/m? correspondingly) a continuous heat input from electrolysis to desalination,
assuming 50% thermal losses, can produce Z7ih 300 rof deionized water from MED
and BatchMD, respectively, when the electrolyzer operates at Jop of 1.7 AT¢tr@ amount of
water production from MED and Bat®¥D units increases to 1872°rand 2064 i
respectively, when the electrolyzer operates at Jdpdoh cm?. Thus, the amount of waste heat
from the electrolyzer is more than enough for producing the neededided water for
electrolysis.

Our investigation shows that high current density operation produces more heat than
conventional operatiomnd this extra heat, in addition to powering desalination, can be used for
a variety of external uses, such as residential and commercial space heating. Notably, our cost
comparisons (Tablé.1) assume that excess heat from the electrolyzer can be direetlynto
LT-MED or MD processes. This is possible when electrolyzers operate at temperatures of 65 °C
or higher; operation at lower temperatures will necessitate the addition of a heat pump with
increments in capital cost and heat losses. Ned¢pbrtsthat their PEM electrolyzers operate at
60 °Ct3 our assessment shows that operation at 70 °C is also possible with minor modifications.
In fact, a theoretical investigation by Scheepers & aidicates that the optimal stack

temperature for operationt 2.7 A/cn? or higher current density is in the range of9(b°C.
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Our results are corroborated by a Siemens patamt coupling electrolyzers and
desalination plants. According to this patent, deionized water is produced under atmospheric
pressure at operating temperatures between 60 °C and 70 °C inteariperature distillation
system using the waste heat from a PEM electrolyzer. It is reported that the capacity of the low
temperature distillation system is two times higher than the deionized water flow into the
electrolyzer; thus, about 50% of the prodddaleionized water is available for other uses.

As mentioned earlier, the potential value of the excess heat from electrolysis applies to
thermal desalination techniques. As shown by the simulation results listed irdTialil¢he
needed thermal energy supplied by the electrolyzers these thermal desalination technologies,
such as LT_MED and potentially MD, would produceiol@zed water at lower LCOW than
RO. It is shown that adding desalination would readily enable the use of seawater for hydrogen
production with an increment to the LC@BbIf only $0.0150.025/kg H, thus just 1% of the

target LCOH of $2/kg bi*6°

4.6 Cost Parity Estimation

Minimum LCOHs were calculated based on the electricity price distribution from the 2020
ERCOT hub average no@&exas 2020¥, and the 2020 Martinez node in CAISO (California
2020Y3, which were shown in Figurel. The LCOHmodeland associated parameters are
shown inAppendix C It was found that hydrogen from electrolysis becomes cost competitive
with the current prduction of H from steam methane reforming (SMR) at electricity prices
below $0.03/kWh and is more profound at current densities of 3.2 and 4.# &igure4.10).
Conversely, at high electricity prices, lower current density is favored in ordetionize

efficiency. As more lowcost solar energy penetrates the griglfreim electrolysis will become
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increasingly cost competitive with SMR. In addition, electrolyzers need to have access to

wholesale market prices, which enable exposure to suchrioced electricity.
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Figure 4.10. LCOH for typical (1.7 A cm-2) and high current density (2.7, 3.2, 4.4 and 6 A
cm? operation as a function of average electricit
range ($2.08 kg to $2.27 kg'), which is thecost of producing H2 from SMR; $2.08 corresponds to
a design capacity of 379,387 kg +per day at a 90% capacity factor and a natural gas price of $10
MMBtu 2, and $2.27 kd' corresponds to the same but with carbon capture and sequestratioff.
Current density of 4.4 A cm? reaches cost parity with SMR operation when powered by electricity
costing less than $0.03/kWh.

It is noted that the 2030 projections of the LMP distributions shown in figl2esnd
4.3, reveal a large frequency of low prigetliers, which in addition to expected reductions in the

price of electrolyzers, should result in even lower LG@btimates.

4.7 Conclusion

Deep decarbonization of sectors such as transportation, chemical and metal production will
require zerecarbon lydrogen production, which currently can only be provided by splitting
water molecules via electrolysis. As the economics of producing electrolytic hydrogen are

dominated by the cost of electricity, enabling operation of electrolyzers to take advantege of t
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variability of solar and wind resources will become much more important in a renewable energy
future.

We addressed the feasibility and cost benefits of electrolyzer high current density
operation on the LCOtand the LCOW. Our simulations show thatarieslectrolytic hydrogen
can reach cost parity with hydrogen produced from methane at electricity prices with a mean of
$0.03 kWht, or lower. We accounted for increased degradation rates and an additional capital
expense when operating at high currentsitees. However, premiums on electrolyzer CAPEX
and slight increases in degradation rates are justified for electrolyzers capable of high current
density operation as long as electricity costs are less than $0.03 kWwthese scenarios, the
increased EHoutput enabled by high current density operation offsets the premium on total
CAPEX, and the increased OPEX costs from lower efficiencies. An additional benefit of high
current density operation is that Whensuthhcr ease
heat powers thermal desalination technologies, they would prodtoaided water at lower
LCOW than the currently dominant RO. By taking advantage of low electricity prices during
high periods of VRE penetration, and using the waste heat femina@yzers to power
desalination, the LCOHrom water electrolysis can be significantly decreased to achieve cost

parity with SMRproduced H.
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4.9 Appendix C
4.9.1Model Framework
The LCOH is computed as the sum of the lifetime costseoétectrolyzer system divided by the

amount of H produced within a period aofyears:

2 20

UOUOBQ 5 -

(4.2)

where the costs of producing th each year is determined by the sum in the numerator, and
annual H production fnH2,,) in the denominatoPWHF is the present value for yeiawhich is
computed for a chosen discount rafeand used to discount the costs incurred for years< <
n. In this stidy, electrolyzer system lifetime was set to n = 10 years, and it was assumed that all
CAPEX was incurred in year 0 and given by the product of the power capacity of the
electrolyzer Pe rateq in units of kW, which is based dherated Jp and Vop, andthe capacity
normalized upfront capital cOStSAPEX) in units of $ kW2).

The yearly OPEXQPEX) is given by the sum of the hourly OPEXEPEX) each

year, which is calculated by multiplying hourly,&edby the price of electricityGe, in units @
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$ kwhl). Note that in thisnode| OPEX comprises only the electricity coBhis is consistent

with other electrolysis studies, which define OPEX as the cost of electficity

In order to find the LCOH, hourly LCOH)(® "O was calculated per:

06060 2 (4.3)

h

wheremuz kis the amount of Hproduced in houk at the chosen constanpBetween 0.1
to 6.0 A cn?. These marginal costs have units &fr$ and were calculated using Equations

(4.8)-(4.6):

OO0OVuv !O(DW (44)
600® 675D Jp® (4.5)
0 Q0 0 0 'Ofdt v (4.6)

where CAPEX is the upfront cost incurred in year 0 andsPthe total electrical power
to the electrolyzer, which is given by the productspfthe total electrode aread), and the
operatimg voltage Vop). Ce.kwas obtained from historical data (locational marginal prices
(LMPs) in the Day Ahead Market from each node). The rated operating power of the electrolyzer
(Pe,r) is given by the product of the rated current dengity), 1.7 A cm?, and the
corresponding rated voltag¥o6.r), while the operating poweP§) for all other current densities
is computed as the product ofp dnd Vop:

Op © 20 0w f (4.7)
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0 & 20 2w (4.9)
The annual electricity OPEXOPEX), is given by the sum of the hourly OPEXes
(OPEX) each year, which is calculated by multiplying hounky & P:, depending on the mode,
by theCe k. The lifetime LCOH was calculated usiBguation 1 by summing the hourlypy,

CAPEX«, OPEX, and O&M: each year for a given constaggt. J

Common Input Parameters and Assumptions for all Operating Modéssumptions included

a 10 MW PEM electrolyzer system based on theahd Vop,r with an operation life of 10 years.

The present worth factor (PWF) was calculated based on a discount rate of 10% and applied at
the end of each year. The electrode afgpirf cnm?was assumed to be fixed and based on the
rated electrolyzer power capacity (10 MW) divided by thedf 1.7 A cn?? and the

corresponding voltag&/gp.r) from the IV curve (1.74 V for the baseline efficiency):

h

) (4.9)

h
O n
The amount of blproduced in year, m+2,, is similarly given by the sum of the amount

of Hz produced perhour i) , whi ch i s calcul ated using Far a

selectedep. Themte of Hpr oducti on was <cal cul ated based on

& F — (4.10

where F is the Faraday constant and the 2 in the denominator accounts for the
stoichiometric number of electrotransferred per Hmolecule evolved through the hydrogen
evolution reactionp and correspondingd¢ values for the baseline efficiency case were based
on experimental curresmoltage curves reported by Nel Hydrogen fofr6igzron proton

exchange membrarfPEM) electrolyzers (seeigurel)’®, and data by Mayyas et%&?°
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Efficiencies in this paper were reported using the high heating value (HHV) and an enthalpic

voltage of 1.48V at standard temperature and pressure conditighns pé?.

For Jpabove 1.7 A crd a premium was placed on the CAPEX, by assuming that
CAPEX increases proportionally to current density above 1.7 A asishown ifrigure4.11
and Equationd.11and4.12in the following paragraph. A cumulative degradation r&&) of
0.19% of cell voltage per 1000 hours was assumed, consistent with reported degradation rates for
PEM electrolyzer$’. Applying the DR as a percentage of the operating voltage had the effect of
scaling DR poportionally to dp since \bp increases withod; thus higher ) was assumed to
entail higher degradation rates. After each 1000 hours of operation, the electrolyzer IV curve was
shifted right to higher voltages by an amount equél ® oAAN upper limit or threshold on
VopWwas set to Wax= 2.9 V, above which electchemical generation of ozone or other reactive
oxygen species at the anode can prematurely accelerate electrolyzer degradation by damaging the
membrane, ionomer, and/or other componé&iit for some houk the voltage for asd was
greater than or equo Vmax then the electrolyzer was assumed to have reached its end of life.

For current densities above 1.7 A€¢nthe electrical balance of plant component of
CAPEX (EBORigh), and phase separators and dryers (Phase Separatorsqigy@ese
simulaed to increase proportionally with current density above 1.7 Adume to anticipated
modifications required to accommodate high current density operation. Based on aupttom
analysis from the 2019 DOE H2A calculator, this study assumes that 26%tatfaih@APEX ($
kw-1), corresponding to larger EBOP (17%), and improved phase separators and dryers (9%),
increases linearly with the current density above 1.7 & (@ee Figrre 4.1). Thus, a new
CAPEX was calculated for each current density above 1mAie 0.1 A cm? intervals up to
6.0 A cm?.
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Table 4.1 Parameters used in the techn@conomic model.

redd 00 A 2 20

(4.12)

(4.12)

Symbol Parameter Value / Unit Reference / Notes
Jop.r Rated current density 2.0 A cn?? 169
Vop Operating voltage (per cell) V 170171172173
Jop Operating current density A cm? NA
V max Maximum allowable voltage (per cell 2.9 V Personal
communication with
industry
Ae Electrode area cn? Egn 1, manuscript
n Number of electrons transferred per| 2 NA
mole of B
F Faraday constant 96,485 C mol | NA
rd Degradation rate 0.15% per 100¢ 174
hours
CAPEXi=o Upfront total installed cost $ NA; CAPEX(i>0)=0)
OPEX Annual electricity cost for year i $yrt NA; electricity cost
is included in RE
system CAPEX
O&Mi Annual operations and maintenance| $ yr! NA;
for year i non-electricity costs
Mh2,i Annual kg of hydrogen production | kg yr? Egn 5, manuscript
LCOH Levelized cost of hydrogen $ kg? Egn 5, manuscript
PWF Present worth factor NA
EBOP Electrical balance of plant $ (17% of systen| 109
CAPEX)
Phase Phase separators, dryers $ (9% of systen| 109
Separators, CAPEX)
Dryers
E) Electrolyte conductivity 0.12 S crit S5
OER catalyst OER catalyst loading 2 mg cny 11971174
loading
Sa,0ER OER specific surface area 20 nfgram? 11971,174
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lo OER OER exchange current density 2.6 x 10°'Acm? | 11971,174Error!
Bookmark not
defined.

Pa OER Tafel slope (anode) 0.0712 V det 11971174

HER catalyst HER catalyst loading 0.5 mg cn¥ 121

loading

Sa HER HER specific surface area 25 nfgrant 119,71,174Error!
Bookmark not
defined.

lo HER HER exchange current density 0.062 A cn? 11971174

be HER Tafel slope (cathode) 0.055 V ded 121

tm,baseline Membrane thickness (baseline) 180 microns 123

tm,high Membrane thickness (high efficiency 50 microns 124

tm,low Membrane thickness (low efficiency) 254 microns 124

Table 4.2 Assumptions used in the techneconomicmodel.
Assumption Reference
PEMEL sized to 10 MW PV array 109

A_e for dynamic based on rated Jop of 2 Acm
Dynamic Jop range of 0 toAAcm2

CAPEX includes cost of PV system ($1,028/kW
and / or wind system ($1,257/kW)

30 year lifetime; MEASs replaced every 10 years
(2x)

Baseline at 2 A/lcm2

Replacement cost of 33% of CAPEX for
electrolyzer stacks

Personal communication with industry

Electrolyzer capacity of 10 MW
(10) 1 MW stacks sharing 1 balance of plant
(BOP))

Personal communication with industry

Electrolyzer stack life of 10 years 43
Discount Rate of 10% 105
Baseline uninstalled CAPEX of $898 k¥§2023 | 109
USD$)

Baseline installed CAPEX of $1,068 k{2023

USD$)

Low Installed CAPEX of $353 kW/(2023 USD$) | 116
High Installed CAPEX of $1,546 per kW (2023 | 55

USD$)

(200 kW system at 10 units per year; includes
installation cost of 33% and markup of 50%)
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Effective installation factor of 19% (A 12% 109 78
installation factor is applied to the stack capital o
and electrical BOP cost, while a 46% installation
factor is applied to the echanical BOP.)

Electrical BOP includes a 43% markup and a 20
equipment cost modifier based on a boti@m
analysis. Mechanical BOP does not include a
markup based on a botteap analysis. Stack cost
does not include a markup and is based on a D¢
for Manufacture and Assembly (DFMA) analysis
done in Aspen. A production rate of 600 MW for
distributed PEM systems per year is assumed.

4.9.2Figure

CAPEX by current density
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Figure 4.11. The maximum current density is shown to range from 0.1 to 6.0 A cfnAs the
max current density increases the total CAPEX increases. This CAPEMcrease is shown as a
multiplier over the baseline CAPEX, assuming that 26% of the CAPEX, corresponding to larger
capacity power electronics, phase separators and dryers, and larger wires, would increase linearly
with the current density above 1.7 A crit. Thus, if the electrolyzer is permitted to operate at 6 A
cm’?, the CAPEX will be twice (2x) the baseline CAPEX of the electrolyzer operating at 1.7 A ¢in
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Chapter 5: Conclusions and Future Directions

5.1 Future Challenges for PEM Electrolyzers
5.1.1 PGM Thrifting
While degradation mechanisms at high current densities are still being explored, it is known that
operating at elevated current densities increases the dissolution rate of Ir on the anode for the
oxygen evolution reaction (OER} Running a PEM electrolyzer at the current densities
envisioned in this dissertation will require higher loadings (33 to 100% higher) of Ir, and / or
increased replacement of Ir, Ru and other rare platinum group metal (PGM) cataises at
t o d a yus guo, surrent density of2LA cm?, scaling up PEM electrolyzers will dramatically
increase the demand for PGMs. It is estimated that there will be a cumulative installed capacity
of 61 GW of PEM electrolyzers by 2040 which, at current usage of 0.8kW?, will
cumulatively require 22.2 tons of Ir in a scenario without recy¢kigures5.1and 5.2. In 2020
the global demand for Ir was 6.5 metric tanslthe total global production was 3.7 metric tons,
with the majority used in the productional&ctronic devices, automotive catalysts, and
jewelry1"®Ir usein PEM electrolyzershowever, is envisioned to decline with the development
of nanostructured Ir and mixed metal oxide (MMO) electrocatalysts.

Ir is one of the rarest metals on Earth, withestimated global reserve of just 69,000
metric tonst’%18 The majority of the world's Ir supply comes from Pt mines, where it is
obtained as a byproduct of Pt and Ni mining. Ir prices are high compared to other PGMs, with a
10-year high in 2021 at justver $6,000 ounck more than twice that of gold, while Pt peaked in
2008 at just over $2,000 ount®! The high cost and limited supply of Ir can significantly

increase the cost of PEM electrolyzers, making them less competitive in the market angl slowin
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down the adoption of this technology. It is projected im&he futurethe use of iridium in PEM

electrolyzers will account for up to 50% of overall stack ct$ts.

Market ramp-up phase Market maturation phase
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Figure 5.1.Market model with installation rates for PEMWE (bar chart) and cumulative
installed capacity (line chart) considering20 years of system lifetimé’’
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(a) Conservative scenarios
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Figure 5.2. Projected Ir demand for PEM electrolyzers. (2 Conservative scenario of 0.33 g
kWil from 2020 to 2070 and ( bYromi2026 reducedto ¥0dgscenar i
kW' Yoy 2035 with recycling?’’

Pt used on the cathode for the hydrogen evolution reaction (HER) is another potential
bottleneck, as demand for the precious metal could reach over a third of current production levels
in the 203088 Pt loadingshoweverare low and there are nd?GM alternatives that will
gradually be implementedlevertheless,eductions in catalyst loading, particularly for the OER,
as well as closetbop recycling measures, are critical to the sustainable development of the

industry.
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To overcome the PGM bottleneck, researchers are exploring the use oah@particles
and MMO electrocatalysts, which are deposé#heron the surface of the electrodmsthe
porous transport layer (PTLAt the anodethe PTLin a PEM electrolyzesitypically comprised
of TiOx, which is resistant to corrosion in acidic environments, and coated with ,acakalyst
layer that promotes the OERs depicted in Figure 5.3t the cathode, the gas diffusion
electrode (GDE) is made of porous carbon abatih a thin layer of Pt that promotes the HER.
The catalyst layer on the electrode surface can be applied through various techniques, such as

inkjet printing, spray coating, or electrodeposition.

Structure of MEA

Carbon paper

Cathode - o catalyst

Electrolyte membrane

NG 3/ D ICT SN |
Anode ~| kPorous titanium substrate.
TR N O e T IrOZ catalySt

Figure 5.3. Structure of the membrane electrode assemhh#*

Nanostructured and conductive antimeadgped tin oxide microparticles have reduced Ir
loading by 90% by increasing the active surface area for a given amount of ¢&tapsim et
al deposi txeadopaiti2les omTiamouiting to catalyst loading of 0.2.3 mg cm
2 and achieved high stability and activity (59 Agat an overpotential of 300 mV) at current
densities up to 6 A c*® In one study, the use of a highly conductive nanoporous architecture
of an IrQcshell on a metallic Ir core, was found to increase the electrochemically active surface
area, resulting in a factor of 30 improvement in the actstpility factor compared to
conventional IrQ. The material was also shown to have improved performandewaad

dissolution rate&?”
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https://mms.businesswire.com/media/20221006005600/en/1594304/5/Figure_1_Structure_of_MEA.jpg?download=1

Other studies have explored the use of MMO electrocatalysts lifér@a, and found
they could stably electrolyze for over 11 months at 10 mA&.t$%° Zhang et al synthesized a
MMO electrocatalyst, NdO1s, with only 26% Ir content by weight that performed at a mass
activity of 123.5 mA per mgat an overpotential of 300 mV, significantly more ttiade (2.9
mA per mg). At a current density of 10cm?( d), the electrocatalyst resulted in minimal

overpotential increase for 1.94 hours, better than that of the benchmgradréhown in Figure
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Figure 54. (a) Polarization curves, (b) Tafel slopes, and (c) durability test of Nt ;O3 and
commercial IrO2, (d) ¢ o mp adfor thedNdslr ©F; and reported Ir-based OER
electrocatalysts in acidic conditiong®°
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5.1.2 Reduing Degradation

The high current densities achieved by a PEM electrolyzer are enabled by its very compact
design. In PEM electrolyzers the electrodes are pressed against the solid polymer electrolyte in a
so-called zero gap configuration. These layers tfogieare also referred to as the membrane
electrode assembly (MEA). The MEA together with current collectors and separator plates make
up the cell that, on average, is only 5-9 mm thick. The stack is comprised of the MEA with the
membrane, porous transptayer, which is typically sintered titanium powder, Ti current

collector, the frame and seal, comprised of polyphenylene sulfide resin mixed with 40% glass

fiber, and the Ti bipolar end plates. Finally, compression bands or tie rods hold the stack parts

together and decrease the gaps between (Fégisre 5.5)

Titanium current
collector

End plate

( Insulator

Compression plate

Figure 55. PEM electrolyzer cell and stack:®
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The process is as follows. Electric current flows between the bipolar plates, while water
molecules progress from the anodic bipolar pllateugh the anodic current collector and anode
where they oxidize into £)electrons and H The gaseous dlows through the anodic bipolar
plate across the anodic current collector. Thus, at the anode the half reaction is:

2H0 Y 2 +QH' + 4e 5.1

The ®lvated protons transfer through the membrane to the cathode and are reduced into
H2, which are transported across the cathodic current collector to the cathodic bipolar plate. This
reaction involves the reduction of solvated protons and the gain oflémtiroms to form
hydrogen gas. Thus, at the cathode the half reaction is:

4H+ +4eY 2H 5.2

Empirical studies of cell stacks have shown that degradation can result from several
mechanisms. At current densities greater than 2 A ¢ngh cell voltagesesult in the formation
of low conductivity oxides on the surface of the Ti current collector, resulting in larger ohmic
drops during operatiot¥? Also, oxidation of the Ti PTL increases the resistance between the
PTL and electrodddigh current densitieesult in in the accumulation of2@as bubbles in the
PTL, and large localized pressures due to increased H2 prodtfétith.

Postmortem analysis of the MEA has shown that dissolution/precipitation of the anode
catalyst particles inside the membrargngicantly increases cell voltage due to the loss of
activity at the anod&® Another degradation mechanism in PEM electrolyzers is membrane
thinning, which occurs due to the gradual chemical attack of the membrane by radical species
and is accompanied by release of fluoride ions in the case of perfluorosulfonic acid{PFSA)

based rembraned® Other issues with membrane thinning include the prevalence of hotspots
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and gas crossover or permeation. While less common, Pt can dissolve from the cathode and
precipitate into the membragi€igure 5.6)'°’

End-of-test CCM

H,0  1/20,7 +2H* + 2e~

Pt distribution ./ Ir distribution
Anode, 1rOx/Nafion }2m
=== 500 nm
Anode
Membrane Ir band
Membrane[ 11%] — — — — — — — — , Half-way
Membrane
Pt-Ir particle H ~00 precipitates:
Cathode T
EPAM Cathode

Ir deposition
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on Pt !
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Hy 1 2H* + 2e”

Figure 5.6. Schematic diagram of the mechanism leading to the formation of Rt
precipitates and Ir band in the membrane. The distribution of the Pt and Ir is shown as weight
percent1%

Opportunities to reduce MEA degradation include (1) the use of porous tralagpost
and bipolar plates that minimize Ti oxidatjbl (2) catalystcoated membranes can help ensure
that all ionic resistance pathways are minimized, (3) serpentine channels for the anode can help
to uniformly deliver sufficient water flow rates to tbatalyst layer to prevent hotspots and
dehydration of the membrane, (4) a cadbaised gas diffusion layer on the cathode helps
prevent hydrostatic pressure from building up at the cathode by rapidly evacuating the increased
H2, (5) superhydrophilic surfactreatment of a sintered titanium PTL delivers water to the
catalystcoated membrane, and (6) the use of Wispersed catalysts at loading ®#3ang cm?

and/or the use of nanostructured and conductivegenxeération halloys that can be used at
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lower Ir loadings, (7) Rtoated Ti endplates, (8) mixed metal oxide (MMO) electrodes, and (9)
the use of a high surface area anatase di@de versus rutile T&O

In the 1950s, French chemist Henri Beer recognized that the use of graphite or other
carbonbasel anodes in the chlalkali process had several drawbacks, including rapid wear and
tear, poor resistance to corrosive chemicals, and the production of impurities in the electrolysis
solution. Beer6s aim was t o foductohntabe applepto opr i a
an electrode capable of carrying high current densities for long periods of time without being
consumed or changing its geometrical dimensions. To address these issues, he developed the
dimensionally stable anode (DSA), Ti coateith a thin layer of an MMO electrocatalyst, such
as |Ir or Ru, which improved the anodeds perfo
the anode where €gas is produced by the oxidation of chloride ions)(Cl

Today, in addition to MMO electrocatalysts, MMO electrodes are being explored to
improve the performance of the HER and OER, and to improve PEM cell lifetime. Zhao et al
found five times higher mass activity than the industry standd&dék througldispersing Ir
nanoparticles on a tungsten doped titanium oxideT(¥Oz2) supportZ®® MMO electrodes,
however, have been found to suffer from poor stability in acidic environrfféifise instance, in
sulfate solutions common for electrotwinning, RuOrrodesover a wide range of pk4?
Similarly, Ptclad anodes made of Ti, Ta, and Nb clad with a Pt foil used in acid solutions result
in significant Pt loss. Wensley and Warren found significant loss of coating onde@téd
anodes in sulfate solutioA%

TiO2 has been selected as the anode for its stability at high potentials and because it is
inert and norcorrosive. The issue with Ti@s its low conductivity at low temperatures. The

anatase structure of TiOwhich has greater surface area than rutile, ptesngreater activity for
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the OER2%“While not relevant to PEM operating temperatures, it is note tizghse transitions

to rutile at 500°Cindicating that increasing temperatures can reduce the electrochemically active
surface areaf the electrocatalysFuentes et al found more agglomeration of a XRulr
electrocatalyst on rutile versus anatase Ti over tiitiEhe average particle sizes were less than

2 nm and the distribution was better in anatase than in rutile. Ir:Ru dispersed on anatass TiO
47% more active toward OER at 1.6 V than the next best metal combination, Pt:Ir:Ru, on this
support. A PRu electrocatalyst supported on Tith an anatase structure gave about 30%
higher oxidation activity and less onset potential than with a rutdetste, indicating that the
structure of TiQ plays a role in the performance of oxygen evolution. As shown in Figure 5.7,

Ir-Ru on anatase Ti has the highest current per gram of metal than other combinations studied.

Normalized Current (A/gmetal)

11, 2:1 1:0 14 11

Ir:Ru/TiOz anatase Ir:Ru/TiO, rutile Ir:Ru unsupported

Figure 5.7. Normalized OERcurrent on Ir:Ru electrocatalysts at 1.6 V and 28C.2%°

With an oxidation state of +4, Tidas oxygen vacancies that can have a significant
impad on the Ir OER electrocatalyst. Oxygen vacancies create unsaturated surface sites on the

TiO2 support. These additional active sites can promote the formationxafgeies with high

145



catalytic activity for OER. On the other hand, the presence of oxyaEamncies can lead to the
formation of unstable intermediate species during OER, such as oxygen radicals and peroxides,
which can cause surface degradation of the ¢a@alyst?°® The formation of these unstable
intermediate species can be attributed to the high local concentration of oxygen vacancies, which
can create an electraith environment and facilitate the adsorption and activation of oxygen
molecules, converting them ateactive oxygen species lik&ygenradicals?®

Table 5.1summarizes the known primary failure modes of PEM electrolyzers, effects and
recommeded mitigations by component. The risk priority number (RPN) is calculated as the
product of the severity of a failure with the probability of the failure, and its detectability before
failure. As shown, degradation from the formation of low conductivitges on the surface of
the Ti current collector, PTL, and dissolution of anode catalyst particles inside the membrane

resulted in the highest RPNs, entailing they are of greatest concern as failure modes.
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Table 51. Design failure modesand effects analysis for PEM electrolyzer.

Item/ Potential Failure Potential Potential 'Cause(s)/ Current Design Recommended
Function Mode(s) Effegt(s) Mechaplsm(s) of Controls Action(s)
of Failure  |Sg\ Failure Prob DefRPN
Titanium |Formation of low  |Large ohmic 9|High cell voltages 10|SEM, XPS, EIS, AFM 4| 360 Deposition of protective Pt coatings of >1
current conductivity oxides |drops during cmi 2 over PTLs and
collector / |on the surface of theoperation High affinity of titaniur found to be effective at minimizing formatio
electric collector for oxygen of the resistive titanium oxide layers
conduction Loss of
between |Transition from electrochemicall Serpentine channels for the anode can hel
the anatase to rutile TiOlactive surface uniformly deliver sufficient water flow rates
electrode |crystal structure at |area the catalyst layer to prevent localized hotsy
and the  |high temp. on the TiQ current collector and PTL.
bipolar
plate
Titanium [Surface passivation |Increases the 9|High affinity of titaniun 10| Discoloration 4| 360/ Sputter thin layers of Ir onto the Ti PTL
porous (titanium oxidation) |interface for oxygen
transport resistance
layer between the PT
and electrode
Membrane|Thinning Increased 9|Gradual chemical attaq 8|EIS to measure resistary 4| 288 Serpentine channels for the anode can hel

prevalence of
hotspots and ga
crossover or
permeation

of the membrane by
radical species
accompanied by releag
of fluoride ions in the
case of PFSA-based
membranes. Radicals
are generated from
hydrogen peroxide, a
minor co-product at the
anode, which can
decompose due to the
presence of impurities,
such as Fe2+ or
particles formed by
redeposition of
corroded catalyst

change over time,
discoloration, SEM

uniformly deliver sufficient water flow rates
the catalyst layer to prevent hotspots and
dehydration of the membrane

Superhydrophilic surface treatment of a
sintered titanium PTL delivers water to the
catalyst-coated membrane

Catalyst-coated membranes can help ensu
that all ionic resistance pathways are
minimized

Redesign of the PTL with more support for|
the membrane

Alternative membrane materials such as
SPEEK.
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Anode

Dissolution/precipitd
ion of the anode
catalyst particles
inside the membrane

Significantly
increases cell
voltage due to th
loss of activity af
the anode

(o]

High current densities
and temperatures

Electrolyte impurities

10

Cyclic voltammetry via &
potentiostat, which
measures the current
response of the cell as
function of applied
potential. Also EIS and
inductively coupled
plasma mass spectromg
measures concentration
of catalyst elements, an
XRF

320

Use of well-dispersed catalysts at loading (
314 mg cmi 2 and/ or
and conductive next-generation Ir-alloys th|
can be used at lower Ir loadings

Mixed metal oxide electrodes and
electrocatalysts

Cathode |Pt dissolution Pt-Ir preciptates| 3|Agglomeration of Pt 3|Cyclic voltammetry via & 36|Carbon-based gas diffusion layer on the
formed in the particles less than 0.4 potentiostat, which cathode helps prevent hydrostatic pressur¢
membrane. nm in diameter and measures the current from building up at the cathode by rapidly

reduction of Pt surface response of the cell as evacuating the increased H2
oxide leads to increasg function of applied
Pt ion concentration potential. Also EIS and Mixed metal oxide electrodes and
that can move inductively coupled electrocatalysts
toward the membrane plasma mass spectromg
diffusion. measures concentratior]

of catalyst elements, an

XRF

High Accumulation of O2 |Prevents water | 8|Increased H2 and O2 10|Cyclic voltammetry, gas 240 Maintaining continuous liquid water pathwi

current gas bubbles in the |from reaching production per chromatography, high in the sintered Ti PTL to the membrane, fol

densities |pore bodies of the |catalyst sites, Faraday's Law speed cameras and instance via superhydrophilic surface
PTL increasing mass acoustic signals treatment of the PTL.

transport

overpotential an Controlling the pore size and distribution o

leading to non- the PTL.

uniform current

distributions Serpentine or interdigitated flow fields to
enhance the gas distribution across the P1
Catalyst layers with improved gas diffusion
properties.

High Large localized H2 must escape| 9|Increased H2 and O2 10|Pressure sensors, high 360 Optimizing the design of the gas diffusion

current pressures through small production per speed cameras, and layer (GDL) and the flow distribution plate

densities channels in the Faraday's Law acoustic signals (FDP)

gas diffusion
electrode

Increasing the back pressure on the anode
cathode side of the electrolyzer, which can
help to evenly distribute the gas flow and
reduce pressure gradients.

Alkaline electrolyzer failure modes the primary commercial alternative to PEM electrolyzers

todayare alkaline electrolyzersé\lkaline electrolyzers have traditionally employed the use of

thick polymeric diaphragms and spacers, resulting in high ohmic resistance across the electrodes,

andreducing current density at a given voltagleese hydrophilic polymers have polar groups

that areattacked in the corrosive alkaline environment, which reducesstaéility. Thin

diaphragms decrease durability due to a higher probability of pinhole formation and reduced
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mechanical integrityThick diaphragms and spacen® thus employed y@&tcrease ohmic
resistance in transporting the ©$pecies from the cathode to the andtimcreasing the
operating temperature improvesiciency by lowering the kinetic part of the overpotential and
increasg the conductivity of the KOHHowever, elevated temperatuiaoxygenrich lye can
degrade the separators

The development of diaphragrosntainingpolymeric bindershat arestable at lgher
temperaturess neededor the use oporous ceramic diaphragmatermittent operation can lead
to catalyst dissolutionn the electrolyzeor restructuring and electrode degradation due to
temperature fluctuatiorendreversecurrentupon shutdownThe identification of catalysthat
perform well at highemperatureand pH such as P€ cathodewith 25% wt Nafionand
stainlesssteelanodeswhich has been shown to enable high current deogéyation(> 1 A cm

2), should be priorizedto enable durablrigh efficiency alkaline electrolysfs?

5.1.3 PGM Recycling
In addition to exploring alternative materials, researchers are investigating strategies for
recycling and recovering PGMs from spent electrocatalysts. Recyclifgegato reduce the
demand for new sources of Ir and Pt and reduce the environmental impact of mining and refining
this metal. While today the erad-life Ir recycling rate is only 2@0%, a rate of over 90% is
anticipated with the buildout of industriaketrochemical separation infrastructéfé.

Key methods of recycling PEM electrolyzers include mechanical, pyrolysis, and
hydrometallurgical procegs. Mechanical recycling involves disassembling the electrolyzer and
separating the components. This method is relatively simple and low cost but may result in lower

purity materials and may not be suitable for all electrolyzer components. Pyrolysiesvol
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heating the electrolyzer components to high temperatures in the absende bfé&k down the
materials into their component elements. This method can recover high purity metals but may
require specialized equipment and is enagnggnsive. Hydromethurgical recycling involves
dissolving the electrolyzer components in acids or other solvents to separate and recover the
metals. This method can achieve high purity materials but requires careful management of
hazardous waste and may be expensive. Catrabdeveloped a method of higleld recovery

of the PGM catalysts and the membrane through 1) separated delamination of the electrodes
from the CCM, 2) densitpased centrifuge of the catalyst residues and drying of the solids, and

3) fabrication of newCCM (Figure 5.8)°8

Steps for the CCM Fabrication

Solvent - 8lade Coating Drying Step Hot Transfer
e @ ® @

Ionomer ' ';\
27 A G S, "
‘_" Catalyst]nk/Pasze _ ﬁ*- o=
CCM - Catalyst

==
e '\ > m
Coated Membrane

Steps for the CCM Recycling

® CCM attached to the "CCM washing machine” @ Detachment of the catalyst layer @ Full recycling of catalysts and membrane
Anode Cathode
Iridium Platinum

Figure 5.8. Steps for catalyst coated membrane fabrication and recycling®
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Since Ir has a solubility of less than 0.001 mg/L in water at room temperature and neutral
pH, separation requires high temperaturg80°C to 1000°C for pyrolysis, and 50°C to 150°C
for hydrometallurgical processing. Thus, future research needs for PEM electrolyzer recycling
include developing more efficient and cestective recycling methods, improving the durability
and recyclability of electrolyzer materials, and identifying opporiesior material reuse and
upcycling. There is a need for better understanding of the environmental impacts and life cycle

costs of the different recycling methods.

5.2 Hydrogen Price Projections
As demonstrated in this dissertation, expecdkeclines in capital cost and operational cost
enabled by lowprice renewable energy will, over the course of this decade, bring greeto H
cost parity with SMR. These findings are affirmed by IRENA and Hydrogen Council
predictions®+2%° Dynamicallyoperated PEM electrolyzers have the potential to reduce the
production cost of tHand take better advantage of-gfid renewable energy systems.
Increasingly, attention will need to be paid to reducing balance of stack costs, notably electrical
equipment, to enable the more flexible operation and direct connection with renewable energy
systems proposed in this dissertation.

For dynamic operation, m#&rane mechanical failure and catalyst degradation need to be
understood under shutdown and startup transients. Inehedtwant accelerated stress tests
(ASTs) would further the commercialization of the operating modes proposed, which include on

and offsystem cycles to leverage low hourly prices, and frequent ramping of the current
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LCOH
($ kgh)

density?? For solaffollowing electrolyzers relevant ASTs would include ramp down in the
morning and evening and high generation midday.

The U.S. Inflation Reduction Act ctains a provision for a clearedroduction tax credit
(PTC) of up to $3 kg for Hz produced with no more than 0.45 kg of CO2& k. In the U.S.,
the PTC will further accelerate investment in electrolyzer projects, which, as of May 2022,
amounted to $240 Billion through 2030 and the doubling of electrolyzer capacity from the 3.5

GW installed globally in 2021 to at least another 3.5 &Wounced in 2022°

Grey hydrogen

Renewable electricity costs Carbon capture prices ' Cost of carbon emissions

Cost of electrolysers Cost of natural gas

6.0

5.0

0.0
2020e 2030e 2040e 2050e

Figure 59. Green hydrogen price parity with fossil fuel produced H.
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