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AEM
AEM-WE
AmC
BET
BF/BOF
CCL
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COF
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DOE
DRI/EAF
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GR
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LHV
LOHC
MEA
MOF
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PAF
PEC
PEM
PEMFC
PEM-WE
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PGM
R&D
SMR
SOFC
SO-WE
TC
TCD
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YSZ

alkaline electrolyte membrane or anion-exchange membrane
anion-exchange membrane or alkaline electrolyte membrane water electrolyzer
amorphous carbon

Brunauer—-Emmett—Teller

blast furnace/basic oxygen furnace

cathode catalyst layer

carbon nanotube

covalent-organic framework

chemical storage

density functional theory

US Department of Energy

direct reduced iron/electric arc furnace

Energy Efficiency and Renewable Energy

fuel cell electric vehicle

General Electric

gaseous hydrogen

graphitic carbon

hydrodeoxygenation

hydrogen evolution reaction
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Hydrogen Materials Advanced Research Consortium
liquid alkaline

liquid alkaline water electrolyzer

liquid hydrogen

lower heating value

liquid organic hydrogen carrier

membrane-electrode assembly

metal-organic framework

oxygen evolution reaction

oxygen reduction reaction

porous aromatic framework

photoelectrochemical cell

polymer electrolyte or proton-exchange membrane
polymer electrolyte or proton-exchange membrane fuel cell
proton-exchange or polymer electrolyte membrane water electrolyzer
perfluorosulfonic acid

platinum group metal

research and development

steam methane reforming

solid oxide fuel cell

solid oxide water electrolyzer

turbostratic carbon

thermal catalytic decomposition

water electrolysis or electrolyzer

yttria-stabilized zirconia




1. Infroduction

The purpose of this technology status document is to provide the status of carbon-neutral hydrogen
technologies. Figure 1 illustrates the potential sources of hydrogen and many of the pathways for
hydrogen production, delivery and storage scenarios, and the myriad end uses of hydrogen, as
summarized by the US Department of Energy (DOE).[* 2 The state of the art in the implementation,
limitations, and challenges of the majority of these technologies—and others not depicted in this figure—
is summarized in this document, which is arranged by the three broad categories depicted in Figure 1:
production, storage and transport, and utilization.
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Figure 1. Overview of hydrogen production, delivery and storage, and utilization technologies.
Source: [ Image courtesy of the U.S. Department of Energy.
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2. Hydrogen Production

Hydrogen can be extracted from a variety of sources, such as fossil fuels, biomass and waste, and water.
Hydrogen is currently produced primarily by using thermochemical processes, such as reforming,
pyrolysis, and gasification of hydrocarbon feedstocks. High-temperature catalytic steam methane
reforming (SMR) is the dominant process, accounting for approximately 75% of the hydrogen produced
globally in 2019.51 Other processes with smaller production volumes that are in earlier stages of
development but with greater potential for implementation as carbon-neutral or carbon-free pathways are
electrochemical water splitting and microbial fermentation of biomass.

2.1 Production of Hydrogen by Electrochemical Water Splitting

Electrochemical processes can be used to dissociate water into hydrogen and oxygen. The energy to drive
this endothermic reaction can either be electricity—ideally produced using renewable, carbon-neutral
processes—input to an electrolyzer or light coupled directly with a photoelectrochemical cell (PEC).
Although <0.1% of the hydrogen production worldwide in 2019 used electrolysis,’ production capacities
have increased dramatically over the last decade. As of 2019, the worldwide installed water electrolysis
capacity was ~75 MW, and over 40 GW of installations are planned by 2030 as of February 2021.[
There are three types of commercial water electrolyzers (WESs) and one type of electrolyzer in the
developmental stage: proton-exchange or polymer electrolyte membrane (PEM-WE), liquid alkaline (LA-
WE), solid oxide (SO-WE), and anion-exchange membrane or alkaline electrolyte membrane (AEM-




WE), respectively.’) PEM-WEs, LA-WEs, and AEM-WEs operate at less than ~100 °C, and SO-WEs
operate at ~800 °C. LA-WEs are generally less expensive than PEM-WEs because they use platinum
group metal-free (PGM-free) electrocatalysts rather than iridium and platinum, but they are less efficient
and typically operate at lower current densities. The high operating temperatures of SO-WEs allow a
significant portion of the energy required to split water to be provided from thermal energy by using
sources, such as solar energy and nuclear power plants.®! PEC water splitting is considered a long-term
technology with enormous potential for carbon-free hydrogen production.

2.1.1 Proton Exchange Membrane Water Electrolysis

The components and design of a PEM TRETOTTRT
electrolyzer cell and stack are shown in

Figure 2.1 The cell unit comprises a titanium
mesh flow field and platinum-coated titanium
porous transport layer, an iridium oxide anode
catalyst, a perfluorosulfonic acid (PFSA)
membrane, a cathode of carbon-supported
platinum nanoparticles, and carbon-based
porous gas diffusion layers and flow field. The
status of the design and materials used for PEM
electrolyzers are still influenced by its
development legacy, starting from limited
numbers of small-scale units for oxygen i
generation for life support. The criticality of the Separator plate
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Figure 2. Components of a PEM electrolyzer cell and stack.
Source: Ref. l4 (Left): Image courtesy of Nel Hydrogen US.
(Right): Reprinted from International Journal of Hydrogen
Energy, Vol 44, Villagra, et. al., "An Analysis of PEM Water
Electrolysis Cells Operating at Elevated Current Densities,"

Catalyst coatin 9708-9717 (2019) with permission from Elsevier.
Baseline- thick ayer PEM Membrane For example, porous transport layers for the water-
oxygen side of the cell are still derived from filter

l materials used in oil and gas applications. Most
. membrane development has focused on PEM fuel cells

Reduced loading, Catzyst coaqee (PEMFCs), optimizing parameters for hot, dry operation
baseline PEM Membrane and freeze-thaw cycling rather than developing
?jzgfsj?;::‘g membranes for full liquid hydration and differential
1 pressure. Therefore, electrolyzers still use relatively thick

perfluorosulfonic acid (PFSA) membranes that have not
. Catalvst coatin char_lgeo_l since the development of chemically stablllz_ed
Red“fdt'“_d'”% ’Hﬁ Nafion in the early 2000s. Low volumes have also driven
manuracturin - - - -
improvements PEM Membrane relatively low-speed, labor-intensive manufacturing
methods that result in low process capability and high
Figure 3. Schematic of PEM electrolyzer catalyst loadings (thicker layers are required to achieve
catalyst-coated membrane illustrating issues  uniformity in coatings; see Figure 3).
in coating uniformity when anode catalyst
loading is reduced. Source: Image courtesy  Capital cost reductions and efficiency improvements are

of Nel Hydrogen US. being pursued to serve emerging energy markets and
reach parity with fossil fuel for hydrogen from water




electrolysis. The capital cost is driven by labor and material demands, and the efficiency is driven by the
activation overpotential for the oxygen evolution reaction (OER) and the membrane thickness. Promising
pathways for increasing OER activity include increasing the catalyst surface area and adding higher-
activity components, such as ruthenium. However, such changes often also decrease stability. Specific
alloying approaches and extended structures could overcome these challenges but are not yet completely
developed. On the membrane side, knowledge of the variables that can be tuned from fuel cell work are
being leveraged to develop electrolyzer-specific materials that have less susceptibility to swelling in
water, appropriate reinforcements for differential pressure, and low hydrogen permeability.

The electrolyzer cell involves interacting components (Figure 2), complicating the introduction of new
materials. The interfaces between components must be considered, and the component manufacturing
methods must be compatible. For example, a membrane process that involves hydrating the membrane
may preclude subsequent dry-coating steps. Thus, co-optimization is often required to enable new
advancements. From an electrochemical standpoint, the oxygen and hydrogen electrodes contain much
more catalyst than is needed to support the reaction; however, the catalysts in the layers must be
accessible, so they must be electrically connected within the cell. In the PEMFC, this connectivity is
achieved by using carbon supports to disperse the catalyst particles within the coated catalyst layer and
using microporous layers for the gas diffusion layers to bridge across the catalyst layer. The
manufacturing method also plays a key role, as shown in Figure 3. For the electrolyzer anode, neither
stable catalyst supports nor microporous layers on the titanium porous transport layer have been
significantly developed to date, although some niobium- and titanium-based supports have shown
promise for the iridium-based catalyst.[")

Ongoing activities in materials development for PEM electrolyzers include optimized membrane
chemistry, high-activity catalysts, and stable support structures. In addition to the material composition,
the material design activities must also take into account material form to optimize electrode layer
structures, including catalyst extended structures and porous transport layers. For example, mechanical
optimizations for compressive strength and creep properties are being performed concurrently with the
optimization of chemical properties, such as conductivity. Process fundamentals must go hand in hand
with materials development to enable the consistent and rapid fabrication of large components with
precise features. These efforts involve significant basic research in areas such as reaction dynamics and
modeling thermal gradients in large vessels to understand their impacts on resulting catalyst surface
structure and particle sizes, as well as to understand how different types of inks (i.e., metal blacks, metals
on carbon, and oxides) affect absorption and the resulting rheology behavior. Degradation mechanisms
for catalyst and polymer materials, as well as coatings, should be characterized in detail and understood to
more effectively define accelerated tests for predicting long-term performance; similarly, methods for
measuring small changes can assist in extrapolating lifetimes.!” &

2.1.2 Alkaline and Anion-Exchange Membrane Water Electrolysis

Alkaline electrolyzers can be classified into two types: one using a liquid potassium hydroxide electrolyte
at concentration of 25-30% imbibed into a porous separator and the other using a polymer membrane
electrolyte with cationic functional groups, termed an anion-exchange membrane (AEM), that selectively
conducts hydroxyl ions. Liquid alkaline water electrolysis (LA-WE) is an established technology that
currently has the largest share of the global electrolysis market. A 2018 review listed 20 leading LA-WE
manufacturers in order of their production capacity.®® The ranking was based on a company’s status as of
2017 for producing the following:

e an electrolyzer providing 16 bar hydrogen at a rate of 1,000 Nm®/h (Normal Cubic Meters per hour ;
“normal” conditions are 0 °C and 1 atm) with a 4.7 MW power input or less, a lower heating value
(LHV) efficiency of 64%, and an approximate lifetime of 8 years;




e an electrolyzer providing 30 bar hydrogen at a rate of 1,000 Nm?®h with a <4.5 MW power input and
LHYV efficiency of 79%; and

e an electrolyzer providing 30 bar hydrogen at a rate of 2,230 Nm?h given 10 MW, resulting in an
LHV efficiency of 64% and a 10 year stack lifetime.[*2

The technology has continued to grow and improve since these reviews were published in 2017. For
example, a commercial LA-WE can produce up to 3,800 Nm? of hydrogen given 2.2 MW.23 This
technology has been used in a few recent projects on the order of tens of megawatts. 14161

LA-WEs have a relatively slow response time compared with either PEM-WEs or AEM-WEs, making it
difficult to for them adapt to transient power loads from solar and wind energy.*"! Furthermore, dynamic
operation can reduce gas purity when only a fraction of rated power is being used owing to manifold
electrolysis.!*® The two major contributions to overpotentials that limit LA-WE performance are caused
by bubble formation on the electrode—electrolyte interface that blocks electron transfer and by the high
ionic resistance of the thick diaphragm.*®2! Circulating the electrolyte and modifying the electrode with
pathways for bubble escape can help relieve the issues related to bubble formation.[**?!! An ideal
separator must have high chemical stability, high wettability, low electrical resistance, and high resistance
to permeation by hydrogen.??l Typical separators are either glass-reinforced polyethylene sulfide, Ryton,
or polysulfone-bonded ZrO,, Zirfon.?*I For example, Zirfon has an approximate thickness of 460 um and
resistance of 281 mQ cm?.1" 221 |t is almost one order of magnitude thicker than typical AEMs.[4 The
thinness of this separator is limited by the cross-permeation of gases, which lowers the current
efficiency.l!™ Separators also prevent the possibility of higher pressure at the anode than at the cathode,
which can reduce oxygen cross-permeation flux and reduce the Nernst voltage.*”! With state-of-the-art
LA-WEs design, Zirfon Perl showed a performance of 750 mA cm2 at 1.8 V.1

High-pressure operation is desirable to reduce the need for downstream compression and transport and to
enable the storage of hydrogen in a volumetrically efficient manner. The majority of AEM-WE
demonstrations added a hydroxide salt to the water feed (i.e., a liquid alkaline electrolyte) to enhance the
hydroxyl conductivity of the cathode and catalyst use. However, it is highly desirable to operate AEM-
WEs with water instead of an electrolyte solution to avoid shunt currents and corrosion. Shunt currents
through the electrolyte or in the water supply between cells in a stack can cause current loss, but they can
be minimized to a negligible amount by electrolyzer design.?8! The diffusivity in alkaline solutions at
high concentrations means that a 30 wt % KOH solution is close to the maximum conductivity of the
aqueous KOH solution at 80 °C.[%1 Also, KOH in solution can form K,CO; precipitates when exposed to
CO., which can reduce the anodic reaction, lower ionic conductivity, and block ion transfer.[26-2°]
However, using water instead of a liquid electrolyte can reduce the interface between the catalyst and the
anion-conducting phase.

AEM-WE technology is still largely in the research and development (R&D) stage. Demonstrations of
this technology by using a modular stack design have provided up to 35 bar hydrogen at a rate of

0.5 Nm*h* given 2.4 kW.B% There have been continued improvements in AEM technology. A recently
developed, commercially available, 80 um thick AEM offers an area-specific resistance of 45 mQ cm?,
which is over six times lower than that of the incumbent AEM technology.! Several groups have
demonstrated 400 mA cm2 at 1.8 V AEM-WE performance in operation with pure water.2* 32351 |_os
Alamos National Laboratory developed an ammonium-enriched quaternized polystyrene anion exchange
ionomer (TMA-70) that demonstrated a performance of 2.7 A cm~2 at 1.8 V in water; however, it
demonstrated limited durability. The TMA-70 was unable to retain the catalyst particles during
continuous operation, so an alternative ionomer, TMA-53, was used to demonstrate 160 h of durability.*®
High ion-exchange capacity (IEC) is desirable for AEMs and ionomers to improve anion conductivity,
but excessively high IEC capacity can lead to ionomer dissolution during operation.?? Recent AEM
material development has included a novel poly(aryl piperidinium) that, when combined with an




FexNiyOOH-20F anode, resulted in a performance of 1.02 A cm2at 1.8 V in water and over 160 h of
continuous operation at 200 mA cm2* To summarize, the advantages of AEM-WEs over LA-WEs are
that AEM-WEs can support pressurized operation, transient input power, and notably higher current
densities.[®! The primary challenge for AEM-WE development is finding and mitigating degradation
mechanisms to achieve competitive durability.

2.1.3 Solid Oxide Water Electrolysis

Research and development efforts have led to the successful development and operation (i.e., design,
selection of candidate cell component materials, fabrication processes) of laboratory-scale and
commercial prototypical ceramic oxygen-ion and proton-conducting solid-state steam electrolysis
systems.[35-3°1 SO-WE cells with oxygen ion-conducting electrolyte is the more mature of the two
technologies and typically uses a yttria-stabilized zirconia (YSZ) electrolyte, a Ni-YSZ composite
cathode, and a lanthanum strontium manganate anode. Early development of proton-conducting SO-WEs
used strontium-doped ceria electrolytes, and later development used barium-zirconium and barium-
cerium-doped yttria electrolytes.*”) Early efforts in the development of proton-conducting cells used Pt
electrodes; subsequent efforts replaced Pt with more active materials, such as strontium-samarium-doped
cobalt oxide for the anode and Ni as the cathode.E” One advantage of proton-conducting cells is that
proton mobility is more facile than oxygen ion mobility, allowing for lower cell-operating temperatures
(400-700 °C vs. 700-1,000 °C). Another advantage is that hydrogen is produced on the dry side of the
cell, eliminating the need to separate hydrogen from water in the effluent and allowing for
electrochemical compression.1 The lower operating temperatures allow more robust, less expensive
metallic ancillary and support system components to be used instead of ceramic components and also
decrease the degradation processes rates.”] Experimental cells for both technologies meet DOE
performance and cost targets.[* On a fundamental level, a mechanistic understanding of electrode
processes for both types of SO-WEs has been developed! 4?1 to account for anodic and cathodic
polarizations.3 44

Electrochemical performance improvement and long-term performance stability are active areas of SO-
WE research. Processes related to bulk, surface, and interface degradation in cells, stacks, and balance-of-
plant components and subsystems, resulting from prolonged exposure to elevated temperatures and
complex gas atmospheres, are areas of active research but remain largely unknown. %! Anodic and
cathodic atmospheres commonly used in steam electrolysis can accelerate metal corrosion, change oxide
defect chemistry, and modify bulk metal microstructures. Hydrogen dissolution, transport, and
precipitation—as well as the reaction of dissolved hydrogen with oxygen—may accelerate corrosion. The
formation of an H,-H.0 redox leads to the modification of oxide defect chemistry and promotes localized
corrosion due to short circuit diffusion. el

Several electrochemically active and electron- and ion-conducting functional perovskites and related
compounds show extensive chemical and morphological degradation, including exsolution of dopants, in
the complex SO-WE atmosphere.*”! A mechanistic understanding of chemical and morphological
degradation and dopant exsolution in multi-cation oxide electrode under complex atmospheres is
incomplete, and thermochemical models, along with experimental validation of exsolution processes, are
also not yet fully developed.®”]

Hydrogen and steam present in cathodic and anodic atmospheres could develop trace levels (parts per
billion to parts per million) of intrinsic and extrinsic gaseous contaminants in the feed gas streams. Such
contaminants—which contain Cr, Si, B, and S species—can lead to electrode poisoning due to surface
coverage, reaction product formation, and deactivation of the triple phase boundary. For example, at high
steam partial pressures in the cathodic atmosphere, gaseous silica species are formed. These species are
transported to and deposit on the electrode surface, leading to electrode deactivation over time.*®! The




identification and quantification of gaseous contaminants, the interaction of these contaminants with the
electrode materials, their long-term accumulative effects, and methods for the capture of both intrinsic
and extrinsic contaminants are areas of active research.®"!

In summary, the implementation of SO-WE technology will be limited without the development of long-
term stable processes and approaches for identifying advanced ceramic and metallic materials chemistry
and fabrication processes that remain compatible with ambient and high-pressure hydrogen production
through steam electrolysis at elevated temperatures. Heterogeneous catalysis and electrocatalysis on
complex multi-cation oxides, electrode poisoning and deactivation due to cation exsolution and trace gas
contaminants, and metal-hydrogen interaction in hydrogen and bi-polar exposure conditions are all
current areas of research. The evaluation of the evolution of ceramic and metallic materials—with an
emphasis on surface morphological and chemical rearrangement, trace gas phase contaminant interaction,
and electrochemical deactivation—is also a topic currently being studied.%52 The role of hydrogen in the
modification of surface corrosion and bulk structure modification remains a topic of interest for hydrogen
production at elevated pressure.™ Promising R&D approaches are in the areas of computational
materials, system-based solutions, advanced experimental techniques to interrogate solid-gas reactions,
ion-electron exchange processes, and surface adsorption of trace contaminants.

2.1.4 Photoelectrochemical Water Splitting

The efficiency of systems for hydrogen production by photoelectrochemical water splitting is limited
chiefly by the performance and durability of the photoelectrodes, the catalysts for central reactions
involved in hydrogen generation—namely the OER and the hydrogen evolution reaction (HER)—and
membranes used for product separation. These reactions can be indirectly coupled to sunlight

(e.g., photovoltaics+electrolysis), which provides a means of independently optimizing the light-
harvesting and catalytic processes that produce hydrogen. They can also be directly coupled via integrated
photoelectrochemical water-splitting systems, offering advantages for the chemical control and use of
energy from sunlight. Although challenges exist in integrating the light-harvesting, photovoltage-
generating, and water-splitting components of integrated systems, integrated systems are being actively
developed because of the advantages of decreased cost and complexity compared with separate units and
the ease of electric field generation at the semiconductor/water interface.4

In many direct solar fuels systems, bulk semiconductors absorb light and generate the photovoltage to
drive fuel-forming electrochemical reactions. The photovoltage required to split water at high (>10%)
solar-to-fuel efficiencies can be achieved only by using multiple photoabsorbers in a tandem
configuration.® Because of their exceptionally high

photovoltages, A“nf,_, .

multijunction HI-V Figure 4. Solar fuel generator for i
semiconductors have photoelectrochemical water splitting
been a popular choice with a >19% solar-to-fuel efficiency.

(Source: Ref. [%9]), Reprinted with
permission from Cheng, et. al.
“Monolithic Photoelectrochemical

for over two decades
and have yielded solar-

to-hydrogen Device for Direct Water Splitting with
efficiencies >19% 19% Efficiency,” ACS Energy Lett. 3,
(Figure 4).5%1 Silicon, 1795-1800, (2018). Copyright 2018
which is dominant in American Chemical Society.

the microelectronics

and photovoltaic industries, has also been used extensively. Some
of the earliest work on photoelectrochemical systems involved metal chalcogenide, chalcopyrite-type, and
kesterite-type semiconductors because their tunable bandgaps are ideal for solar fuel generation (1.0-2.4
eV).¢l Computation, high-throughput synthesis, and data mining have accelerated the discovery and




development of new semiconductor materials® 581 with some successes in improving stability and
performance.

One key challenge is that all these semiconductors undergo corrosion in aqueous electrolytes when used
as photocathodes, limiting their reported durability to a range from hours to days.%

Semiconductor photoelectrodes can be protected by using inert overlayers, such as TiO,,% 61 with flaws
and defects in the coatings as the factor that is currently limiting their durability. Quantitative methods for
studying corrosion rates were developed by detecting degradation products in the electrolytel®? or by
measuring the mass loss of the component directly.®® In situ observation of corrosion processes by
scanning probe techniques is also possible and, when combined with theory, can reveal underlying
corrosion mechanisms.[ Many materials are metastable with respect to anodic and cathodic corrosion
processes under water-splitting conditions,®> 1 and corrosion resistance is an important selection
criterion in computational and experimental searches for new photocathode materials.

The performance of OER and HER catalysts for photoelectrochemical water splitting can be compared by
compiling information regarding catalyst activity, stability, and specific activity in which the primary
figure of merit is the overpotential necessary to achieve 10 mA cm= current density. This is the typical
current density at the electrodes of a 10% efficient integrated solar-to-hydrogen prototype under 1 sun
illumination[* 67-781 pecause the best catalysts are expected to achieve 10 mA cm= current densities at low
overpotential, maintain constant activity over time, and have low surface roughness (i.e., high specific
activity). The performance of HER and OER catalysts made of Earth-abundant materials in 1 M NaOH
and 1 M H,SO,,["" 7 conditions relevant to solar water-splitting devices, as well as LA-WE, AEM-WE,
and PEM-WE, are summarized in Figure 5. In 1 M NaOH, most OER catalysts investigated show
roughly similar activities, achieving 10 mA cm= current densities at overpotentials of 0.3 V<1 <0.5 V.
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In the case of the OER, most catalysts investigated are oxidatively unstable in acidic conditions.
Therefore, the utility of a solar water-splitting prototype operating in acidic solution could be limited by
the lack of non—noble metal catalysts that are oxidatively stable in acidic solution. Recent work on
antimony-manganese based OER catalysts suggested a potential for stable OER catalysts operating in




acidic conditions.["® Several known Earth-abundant HER catalysts show good activity and stability in
acidic and basic electrolytes, as illustrated in Figure 5. Thus, a reduction in the overpotential for the OER
currently represents a more significant challenge for water splitting than does an improvement in catalysts
for the HER.

2.2 Biological Hydrogen Production

The path to renewable H, production using waste plant biomass (i.e., lignocellulose) as a feedstock
presents a mid- to long-term technology, although production costs are still too high.[% 81 Presently, the
DOE Hydrogen and Fuel Cell Technologies Office (HFTO) invests in developing microbial fermentation
technology to use primarily the sugars embedded in lignocellulosic biomass as the energy source to fuel
microbial growth and H; biosynthesis. This approach bypasses the need for light as the energy source.
Guided by technoeconomic analysis, efforts to enable economical biological H2 production have
identified the challenges as the reduction of capital costs associated with major facilities and equipment
(e.g., bioreactors), increasing the rates of H, production, and increasing the currently low H, molar yield
(mol Hz/mol sugar consumed) to decrease capital costs and the cost of waste biomass feedstock per unit
of hydrogen.©®

An approach demonstrated to increase both hydrogen yield and production rate is the genetic engineering
of a bacterial species, Clostridium thermocellum, which is recognized for its rapid growth and
solubilization of cellulosic biomass to co-use hemicellulose components of plant biomass (i.e., corn
stover).[8 81 Because cellulose accounts for 38-50% of corn stover and hemicellulose accounts for 23—
32%, the co-fermentation of cellulose and hemicellulose increased the total amount of H; produced by
33% (reaching 4.1 L of Ha/liter of bioreactor volume) and improved the average H, production rate over a
24 h fermentation period by 39% (reaching 3.1 L of Ha/liter of reactor volume per day) by using a
baseline strain that can use only the cellulosic portion of the biomass (unpublished data). This increase
was demonstrated with fermentation at a moderately high loading of 88.4 g/L of real and pretreated
biomass, known as deacetylated and mechanically refined biomass, containing 30 g/L as cellulose in 500
mL of fermentation volume. Challenges remain in further optimizing the strain and bioreactor
performance at high solids loading. Increasing the solid biomass loading will reduce the bioreactor
volume required to achieve the target H, production and reduce the capital expense of the process.
Ongoing research efforts include process and bioreactor engineering and bacterial strain development to
tolerate high-solids conditions and sustain high hydrogen production rates.

Another approach to reducing feedstock costs is to maximize H, molar yields for every mole of sugar
(i.e., glucose, xylose) used by the microbe to produce Hz. This is achieved by eliminating other natural
fermentation by-products that compete with H, biosynthesis for electrons. The reduced and competing
organic compounds include ethanol and lactic acid. The theoretical maximum H; molar yield per mole of
hexose is 4 M. Currently, the highest molar yield using C. thermocellum, which is capable of
effectively solubilizing and fermenting cellulose, is 3.1 M for low concentrations of hexose sugars.
However, under most laboratory conditions that use higher and more realistic concentrations of hexose
sugars, H, molar yields fall below 3 M. Genetic manipulations of bacteria using metabolic engineering
and synthetic biology approaches are being investigated to effectively channel the electrons made
available from the glycolysis reaction (i.e., the breakdown of sugars) to the hydrogenase enzymes that
catalyze the reduction of protons (i.e., H") to generate H,. However, specific limiting steps and the
regulatory mechanisms cells employ to channel electrons toward different metabolites (i.e., Hz vs. organic
compounds) in response to varying environmental conditions remain unclear and are areas of active
research.

Hydrogenase enzymes that can be classified as either [NiFe]- or [FeFe]-type, named for the metals in the
catalytic center, are central to biological H, production.[®”#°1 These enzymes use either NAD(P)H or




reduced ferredoxin as the electron donor. More recently, an [FeFe]-bifurcating hydrogenase was
discovered in numerous anaerobes, including C. thermocellum, employing both NAD(P)H and reduced
ferredoxin to produce H..°® The combined use of both sources of electron carriers was thought to drive
H, production against the otherwise thermodynamically uphill reaction if only NAD(P)H was used. Yet
mechanistic details governing bifurcating hydrogenases remain elusive and this is a barrier to improved
H> production yields. C. thermocellum also contains the NiFe-type, energy-yielding hydrogenase, which
presumably yields energy during proton reduction. The underlying catalytic mechanisms of these
enzymes are lacking, especially the mechanism by which H; production and redox cofactors are coupled
for energy conservation.

2.3 Thermochemical Hydrogen Production

Thermochemical routes for producing hydrogen span an extremely large space akin to the breadth of the
chemical processing industry. The emergence of technologies that provide renewable, high-temperature
industrial-process heat via concentrated solar power®! could radically transform both conventional and
notional water-splitting chemical processes into carbon-neutral sources for hydrogen at a large scale.
These opportunities were recognized and research needs prioritized in recent DOE Basic Research Needs
reportst®2 % and will be discussed to a greater extent here.

Detailed process chemistry for many cycles that have been proposed and/or demonstrated at various
scales—from laboratory to small pilot—can be found in seminal works dating from 2003.[547]
Thematically, thermochemical water-splitting cycles are categorized by the number of reactions required
to complete the cycle and by the method of treatment (i.e., purely thermochemical or hybridized
approaches that invoke electrochemistry or photochemistry to complete reaction steps within the cyclel®®
%), For example, a simple two-step cycle that uses metal/metal oxide as a stoichiometric redox pair can
be generalized as

MxO — xM + %20, (step 1, reduction)
followed by
XM + H,0 — M0 + Hy, (step 2, oxidation)
and for a two-step cycle that uses metal oxide as a nonstoichiometric redox pair generalized as
MOy — MOy + 6/20;, (step 1)
followed by
MOy + 0H20 — MOy + 6H3, (step 2),
where M is a metal element, and & is a measure of the oxygen deficiency in the lattice. There are hundreds
of examples of more complicated purely thermochemical cycles that involve several chemical species
participating in a reaction network that nets water splitting; in some instances, the network cycles through
different phases of matter.l®* 1% Finally, there are concepts that invoke chemical looping!° or hybridized
approaches in which electrochemical steps within the cycle promote the oxidation or reduction of
chemical species other than direct water electrolysis.[® 9 % %I Thermochemical routes for producing

hydrogen via water splitting span an extremely large concept space with opportunities for guidance from
fundamental studies to advance the state of the art.




The technology readiness levels of the aforementioned thermochemical cycles have not progressed
substantially since the 2003, the year of the first hydrogen Basic Research Needs report.®2 81 The primary
challenges are (1) the understanding of the behavior of materials in extreme environments (e.g., materials
subject to harsh chemical and thermal stresses), (2) novel methods for improving the efficiency of
separations in harsh environments (e.g., transport membranes), (3) thermodynamic data and modeling,
and (4) novel catalyst formulations for a subclass of these cycles to promote efficiency and durability.

R&D efforts have yet to be fully realized that exploit high-performance computing, computational
material science, ab initio theory, and fundamental science to develop an atomistic understanding of redox
processes to discover new redox materials for thermochemical cycles or to develop concepts that
hybridize these cycles. For example, the solar thermochemical fuels community has gravitated toward
simple, two-step nonvolatile metal oxide cycles by using nonstoichiometric oxides.[*%? 1% These oxides
are essentially oxygen storage materials that consist of highly defective crystal structures in their reduced
state (i.e., percentage-level oxygen vacancy concentrations). Thermal reduction is achieved at extremely
high temperatures (~1,500 °C) and low oxygen gas-phase chemical potential (uoz gas ~10-° atm). For the
subsequent reaction between reduced oxide and water vapor that produces H. to be spontaneous, these
materials must be able to reoxidize in a mixed H.O—H> environment that is more reducing than that the
thermal reduction environment (poz gas ~10-1* atm). Although there are many examples of off-
stoichiometric oxides releasing and reabsorbing lattice oxygen when exposed to various partial pressures
of O, at temperature, very few oxides are known to reabsorb lattice oxygen when exposed to mixtures of
H>O and H,. The commercial viability of this technology is critically dependent on the additional
discovery of high-capacity redox active oxides that can efficiently conduct cycle chemistry at lower
reduction temperatures (ideally <1,350 °C) while producing H; at the low gas-phase oxygen chemical
potentials established at H,O/H; ratios <10.

Significant R&D activities in this arena focused on material discovery are using high-throughput
computational screening,[** 1% materials by design using density functional theory (DFT),[% 197 and
DFT-driven machine learning!% 1% to identify compound formulations that exhibit a high efficacy for
thermochemical water splitting in the two-step metal oxide cycle (e.g., optimizing a trade-off between H.
production capacity and H; yield predicated on engineering defect thermodynamics). There are also
examples emerging from this community of the use of synchrotron X-ray scattering measurements and
other advanced electron scattering techniques (e.g., transmission electron microscopy, electron energy
loss spectroscopy) to reveal how the electronic structure and other crystallographic features are perturbed
upon oxygen defect formation; some of these efforts are in situ or operando.™% 1 The main goal of the
most current R&D is to obtain an atomistic understanding of the bulk redox processes that engender
desirable defect thermodynamics to establish design rules for the discovery and improvement of
thermochemical water-splitting materials. Such insight will reveal structure-property and composition-
property relationships critical to material performance.

2.4 Catalytic and Thermal Hydrocarbon and Biomass Conversion

The high-temperature catalytic conversions of hydrocarbons, primarily methane, are currently the
dominant processes for producing hydrogen with CO; as a by-product. Efforts to eliminate or reduce CO>
emissions from methane-to-hydrogen or hydrocarbon-to-hydrogen processes include carbon capture and
sequestration, thermal catalytic decomposition (TCD), and thermal plasma technologies. Biomass can
also be converted to hydrogen or synthesis gas (Hz + CO) by using biological or thermal chemical
processes, including gasification coupled with steam reforming, pyrolysis, photolysis, and fermentation.
Many of these processes produce valuable by-products, such as carbon, as discussed in detail in

Section 4.2.6.
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2.4.1 Hydrocarbon Conversion

The majority of global H; is produced via SMR, leading to average CO- emissions of 10 kg CO./kg
H,.[112 1131 partial oxidation, which is similar to SMR, has been developed and targets syngas production
rather than hydrogen alone.[**¥ Owing to environmental and potential future regulatory concerns, it is
desirable to develop a process for near-zero CO. production of hydrogen that is economically viable.
Stoichiometrically, TCD produces two molecules of hydrogen and one atom of carbon from one methane
molecule, whereas SMR releases twice the amount of hydrogen due to the conversion of water vapor.
From a purely economic consideration, the value of the carbon product must offset the loss of hydrogen;
this technoeconomic aspect of TCD vs. SMR has been studied, also considering the cost of carbon capture
and sequestration for SMR.[115 116]

TCD of methane was developed by Universal Oil Products in the 1960s. It is known as the HyPro process
and targets hydrogen production for refineries.[*!’1 Recent research has focused on improving the
efficiency the TCD of methane, which produces solid carbon as a by-product:[*18-122]

CHa(g) — C(s) + 2Ha(g), 4H 298 = 74.85 ki/mol of CHa.

The TCD of CH4 can proceed without a catalyst at temperatures as low at 300 °C, according to
thermodynamics; however, temperatures of 1000-1200 °C are required to achieve reasonable rates for
commercial applications because of kinetic limitations and the high activation energy required to break
the stable C-H bond.!*16 123 Higher temperatures and longer residence times favor the production of C and
H..[?41 Lower temperatures and shorter contact times favor more gaseous products with higher yields of
olefins and aromatics. Lower pressure favors higher conversion of CH,4 but tends to produce more olefins,
which further decompose to C and H. with increasing residence time. Addition of a catalyst significantly
lowers the activation energy, enabling the reaction to proceed at temperatures ranging from 600 to

900 °C, which is similar to the temperature range for SMR.

Several excellent articles provide reviews of CH4 cracking and include discussions of catalysts, reaction
mechanisms, kinetics, and engineering design considerations.[*?* 1251331 The majority of catalyst studies
focus on selecting metals, catalyst supports, metal-support interactions,*?> 134138l and catalyst preparation
methods.*3% 140 Transition metals and carbonaceous catalysts have also been investigated. 6. 123 1251301 ¢
has been reported that the rate of CH. decomposition on metal catalysts decreases in the order: Co, Ru,
Ni, Rh > Pt, Re, Ir > Pd, Cu, W, Fe, Mo.[*?® Nickel, iron, and cobalt have been extensively investigated
because of their relative abundance and lower price compared with PGM catalysts.[116: 1231251301 Njjckel
exhibits high activity but rapidly deactivates because the carbon product encapsulates its active sites.
Cobalt also exhibits high activity but is more expensive and toxic than nickel. Iron has acceptable activity,
and its higher carbon diffusion capacity makes it more resistant to deactivation at higher temperatures
than nickel or cobalt. Several studies of bimetallic catalysts have targeted alloys with higher surface areas,
which provide more active sites and exhibit increased diffusion of carbon products to reduce carbon
deposition on the active sites compared with the individual metals.[*?® Metal-support interactions play a
key role in the formation of carbon nanomaterials and affect hydrogen production rates.*?!! Metal
catalysts have been supported on SiO2, TiO,, Al.Os, and MgO to enhance catalytic activity and hinder
metal agglomeration.*?! Studies have been performed to determine the mechanism of the formation of
carbon nanomaterials on metal-supported catalysts!*4-144 and to determine the fundamental reaction
pathways via DFT for carbon nanotube (CNT)-supported binary metal catalysts.[*'> 245 To increase
energy efficiency, microwave catalytic processing has been reported in which microwave energy is
directly delivered to metal active sites to facilitate methane decomposition and the formation of CNTs.[*46]
The selective microwave heating reduces heat transfer limitations and avoids the heat loss that results
from conventional heating.
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catalyst.**! As illustrated in Figure 6, the Ni-

Pd/CNT catalyst can be regenerated and reused, a small fraction of product CNTs can be used as catalyst

supports, and the process is self-sustaining without using an externally added catalyst.™*5]

Carbonaceous catalysts (e.g., activated char, biochar, coal char, carbon black) have been investigated.**6:
123,125, 1301 Carbonaceous catalysts offer several advantages, including lower cost, higher resistance to high
temperatures, tolerance of impurities such as sulfur, and self-catalytic effects of the carbon product.[*?®!
The performance of carbonaceous catalysts is lower than that of metal catalysts; the activity of the latter
tends to decrease after a few hours in stream owing to morphology changes and pore blockage. But unlike
the activity of metal catalysts, the activity of carbonaceous catalysts stabilizes after the initial
decrease.'#!

Thermal plasma technologies are used to dissociate hydrogen from various hydrogen-containing
compounds, such as methane.[**° 150 The process is operated at very high temperatures, producing
hydrogen and carbon black with yields approaching 100%. A plasma reactor is about one order of
magnitude smaller than traditional thermal reactors.!*>: 52 The disadvantages of this technology are
related to the energy required to crack CHs all the way to solid carbon because the relatively high fraction
of methyl radical enables the formation of stable hydrocarbons and polymeric species, as well as to the
use of electrical energy.5% 153

Molten metal processes in which CHy is bubbled through a molten metal bath were studied.*?*! The main
advantage of the molten metal process is that the lower density of carbon allows it to float to the surface
of the bath, which facilitates its recovery and allows for a continuous process. Other advantages include
improved heat transfer due to the high heat capacity of the molten media and increased residence times
due to liquid viscosity. The gas stream contains primarily Hz with lesser amounts of unreacted CH, and
other byproducts. The major disadvantage is the high temperatures required. In addition to molten metals,
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molten salts have been studied for methane reforming and may also be useful for methane
decomposition. 54 15

Concentrated solar energy allows for reaction temperatures approaching 2000 °C, which enhance methane
conversion.6 1231 Catalysts may be used to promote the kinetics, but the harsh conditions limit the choice
of catalysts. Catalytic-based solar processes have issues similar to those of other catalytic-based
thermochemical conversion processes, such as the recovery of the carbon from the catalyst and
regeneration of the catalyst.

2.4.2 Biomass Conversion

Biomass can be converted to hydrogen by biological and thermal chemical conversion.[5¢: 1571 Most
reported methods are based on biomass gasification, steam reforming, and pyrolysis. Literature reports
have compared hydrogen production rates and yields for these processes.!**8 % Other hydrogen
production processes from biomass include bio-photolysis, 6% fermentation,*5! and chemical looping
approaches.[*521 A major issue involved in biomass conversion to hydrogen is deoxygenation, largely
because oxygen can be removed either as H.O, which can cause a loss of H; yield, or as CO,. The balance
between the formation of H,O and CO; is critical in hydrogen production. To increase hydrogen yields, a
recent study explored synergistic methane-activated catalytic biomass gasification in which 5-15% CH,
was co-processed with biomass.[® A novel in situ bi-reforming approach that produces hydrogen-rich
syngas by using biomass and flare gas with CO, use was reported.'® Figure 7 illustrates the reaction
mechanism.

Lignocellulosic biomass components

RO Figure 7. In situ bi-reforming approach for biomass

Dry reforming conversion to Hz-rich syngas.Source: Ref. 164
QR 2H, CO Reprinted from Chem. Eng. J. Vol 385, Lalsare, ef. al.,
Steam methane reforming \j “Biomass — Flare Gas Synergistic Co-Processing in the
3H,, CO q g. o Presence of Carbon Dioxide for the controlled
CH, .-~ OH \ : Production of Syngas (H2:CO ~ 2-2.5),” 123783,
H

Copyright 2020, with permission from Elsevier.

Self-regenerable, graphene-supported Fe/Ni, B-Mo.C nanoparticles were used as catalysts for the
coprocessing of lignin with CH, (Figure 8).125 1681 Furthermore, DFT modeling was conducted to
elucidate synergistic hydrogen production mechanisms presented in the coprocessing of lignin and
CH,.['%61 The present research targets solving the issues of low hydrogen yield in biomass conversion and
reducing gas flaring in stranded shale gas fields.

Figure 8. In situ self-regeneration
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3. Hydrogen Storage and Transport

Efficiently transporting and storing hydrogen are major challenges facing a hydrogen-based energy
economy. Although elemental hydrogen has the highest gravimetric energy density of any fuel, its
volumetric density is much lower than conventional fuels (Figure 9).[1 Consequently, very high
pressures or cryogenic temperatures are required to store amounts sufficient for practical applications. In
contrast, material-based hydrogen storage is an area of vigorous research. Materials-based storage

Gravimetric Density (kWh/kg) systems C'OU|d StOI’? _hydrogen Z_it |(?W€r pressures and at
0 5 10 15 20 25 30 3 near-ambient conditions than liquid or 700 bar
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£ Ethanol ¢ Propane (lia) 5 Research concerning th_ese materla!s encompasses many
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£ e Methanol 2 batteries;!*817° bulk transport (e.g., liquid organic
g Methane (250 bar) 1* = hydrocarbons,"*174 ammonia, "> 178 formatel*’);
3" * Ha(lg)e: 1, S hydrogen compressors;[’® 7%l thermal energy storage;
- iy 823 2233 < heat pumps; stationary applications, such as microgrids
e and server farms;*7® 18 and transportation, 7% 181 182]
0 2 %0 6 £ 100 120 including material handling equipment, such as
RSOSSN forklifts!*#* 184 and rail transport.!*#>-18] This section
Figure 9. Comparison of specific prO\_/IdeS a brief overview of the primary strategies for
energy (energy per mass or storing hydrogen: materials based, compressed gas or
gravimetric density) and energy cryogenic liquid, and geological. Of these, cryogenic and
density [energy per volume or pressurized gas are mature technologies, although material

volumetric density) for several fuels TTTNE ; ; cht
based on lower heafing values, compatibility issues persist. Currently available light-duty

Source: Ref. 167 Image courtesy U.S. fuel cell electric \{ehi_cles (F_CEVs) store gaseous hydrogen
Department of Energy. (GH) at 700 bar in fiber-reinforced tanks that are the
largest contributor to the cost of the fuel storage system.

3.1 Material-Based and Chemical-Based Hydrogen Storage

Material-based hydrogen storage continues to be of interest because of the cost and low density of
pressurized gas. Between 2005 and 2010, DOE Energy Efficiency and Renewable Energy (EERE)
HFTO-supported Centers of Excellence focused on materials for onboard hydrogen storage. Starting in
FY16, HFTO initiated the Hydrogen Materials Advanced Research Consortium (HyMARC) to
perform foundational scientific research aimed at understanding and solving key issues blocking the
development of storage materials that meet materials targets, such as those for light-duty vehicles.[*%%
HyMARC is now in its second phase (FY18-22). Although originally focused on storage for light-duty
vehicles, the HYMARC mission now includes heavy-duty vehicles, stationary hydrogen storage, and
hydrogen transport (e.g., from point of production to end use).

There are three primary classes of storage materials.
e Physisorption materials (e.g., metal-organic frameworks [MOFs] and related materials).
o Chemical storage (CS) materials. These can be further subdivided into metal hydrides with either

hydridic (i.e., anionic) bonds (e.g., NaAIH4) or ionic bond (e.g., LiH) and “chemical hydrides,” such
as BH3NHs, in which bonds to hydrogen are covalent.
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o Liquid or gaseous small molecules, including ammonia, liquid organic hydrogen carriers (LOHCSs),
and anionic systems, such as formate.

In all cases, the process of material discovery has been inhibited by the complex nature of the chemical
and physical processes involved. Consequently, machine learning and data science research are
increasingly of interest.[191-1%4

3.1.1 Storage Based on Physisorption

In the last two decades, significant effort has been focused on developing novel porous adsorbents, such
as MOFs, for physisorptive H; storage. Hydrogen uptake in these materials is typically reported as
gravimetric uptake capacity (wt %) or volumetric uptake capacity (g/L) at a range of pressures and
temperatures, and these metrics are critical for evaluating practical adsorbent performance. A typical
high-pressure gas adsorption measurement yields what is known as the excess gravimetric capacity,
which can be considered is the total uptake of the material less than the quantity of H. present in the void
space of the sample. The total uptake is then commonly expressed as (total uptake) = (excess uptake) +
(bulk density of H) x (pore volume). However, the amount of H; that is actually accessible for end use
will be lower than the total uptake estimated in this way because the minimum delivery pressure to the
fuel cell system is typically set around 5 bar. The system capacity will be even lower. Finally, volumetric
usable capacity is typically estimated from the gravimetric usable capacity and the crystallographic
density of a guest-free material. Because the packing density of adsorbent crystals within a structured
form is generally somewhat lower than in single crystals, the actual usable volumetric capacity is also
expected to be lower than this calculated value.[*%!

Following the empirical observation that the excess H adsorption capacity for carbonaceous microporous
materials is nearly proportional to the surface area (known as Chahine’s rule),1% 1 early materials
development was devoted to preparing materials with high Brunauer—Emmett—Teller (BET) surface areas
(>6000 m?%g), such as MOF-210 and NU-100 (Table 1 and Figure 10).01% 2% These two materials take
up more than 14 wt % H, at 77 K and 70 bar. However, because of their low densities (<0.3 g/cm?®), their
volumetric adsorption capacities (~40 g/L) did not increase with the increment of gravimetric capacities
and BET surface areas. A consensus was established in recent years that for light-duty vehicles, the
volumetric density more strongly impacts the amount of energy that can be stored than the gravimetric
density.[19: 196. 2001 Therefore, research has focused on developing adsorbent materials that exhibit high
volumetric capacities without sacrificing gravimetric capacities and vice versa.l**”- 2011 With advances in
computational screening and machine learning approaches, it has also been possible to predict material
properties that will optimize gravimetric and volumetric performance,*° %71 such as framework density
ranging fg\)m 0.4 to 0.5 g/cm?®, pore volumes ranging from 1 to 2 cm®/g, and pore diameters ranging from
10to 20 A.

Furthermore, materials that exhibit both high gravimetric and volumetric BET surface areas are preferred,
and this can be ascertained without high-pressure analysis.!?°!! Recent analysis also suggests that to
achieve the ultimate deliverable capacity, a material that can undergo a nonporous-to-porous
transformation will be required.°?

Table 1 summarizes the structural properties of representative MOFs and their gravimetric and
volumetric usable capacities achieved by pressure swing or temperature—pressure swing adsorption
processes. Data for the prototypical framework, MOF-5 (Zn.O(benzenedicarboxylate)s), are also included
for reference. At 77 K with a 5-100 bar pressure swing, it is clear that the greater the material’s BET
surface area, the greater the material’s gravimetric usable capacity.?! For all the materials listed in
Table 1, the usable capacity can be enhanced by more than 30% by increasing the discharge
temperature—in this case, adsorption at 77 K/100 bar and desorption at 160 K/5 bar. Under these
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conditions, the highest usable volumetric capacity was achieved by MOF-5 (51.9 ¢g/L on a material basis,
not accounting for the packing density losses).[**®! The capacities achieved were approximately 50%
higher than the bulk density of H, gas. However, the additional temperature controlling units required for
higher-temperature desorption would reduce the system-level performance because of the system weight
and tank precooling before recharging.[8!

Table 1. Structural properties of representative porous adsorbents and their gravimetric and volumetric
usable capacities achieved by pressure swing or temperature—pressure swing adsorption processes.

Usable capacity Usable capacity
Adsorbent ABET Vp dbulk (77 K/100 bar —» 77 | (77 K/100 bar —» -AH Ref
material (m?/g) | (cm3g) | (g/cmd) K/5 bar) 160 K/5 bar) (kJ/mol) '
wt % g/L wt % g/L
MOF-5 3,510 1.36 0.59 4.5 31.1 7.8 51.9 4.8 (196, 203]
IRMOF-20 4,070 1.65 0.51 5.7 334 9.1 51.0 n.d. [196]
SNU-70 4,940 2.14 0.41 7.3 34.7 10.6 47.9 5.1 (191, 204]
NU-100 6,050 3.17 0.29 9.9 35.2 13.9 47.6 6.1 (191, 198]
UMCM-9 5,040 231 0.37 8.0 34.1 11.3 47.4 n.d. (191
NU-1101 4,340 1.72 0.46 6.1 29.9 9.1 46.6 55 [209]
NU-1501-Al 7,310 2.91 0.28 10.1 34.8 14.0 46.2 4 [201]
COF-102 3,620 1.55 0.43 5.82 29.02 n.d. n.d. 3.9 206]
PAF-1 3,790 2.03 0.35 54 21.6 n.d. n.d. 4.6 [206, 207]
Bulk H; n.a. n.a. n.a. n.a. 29.7 n.a. 305 n.a. [208]
Usable capacity Usable capacity
Adsorbent ABeT Vp dbuik (25 °C/100 bar —» (=75 °C/100 bar —AH
material (m2g) | (cmg) | (g/cm?) 25 °CJ5 bar) —25°C/5bar) | (kymoly | REF
wt % g/L Wt % g/L
Niz(m-dobdc) 1,320 0.56 1.20 0.90 10.9 1.9 18.2 13.7 [209]
V,Clog(btdd) | 1,920 1.12 0.64 1.48 9.6 2.5 16.4 21 [210]
NU-1501-Al 7,310 291 0.28 2.75° 8.0¢ 5.0° 14.9° 4 201
MOF-5 n.d. n.d. 0.59 1.45 8.8 2.7 16.5 4.8 203, 209]
Bulk H; n.a. n.a. n.a. n.a. 7.67 n.a. 11.0 n.a. [208]

Ager, BET surface area; Vp, pore volume; dwui, single-crystal density of framework; AH, adsorption enthalpy; n.d., no
data; n.a., not applicable. 2Data for 77 K/86 bar — 77 K/5 bar. "Values are calculated based on the reported
temperature-independent parameters. ‘Measured at 296 K.

Highly porous framework materials constructed from all-organic building blocks, such as covalent-
organic frameworks (COFs) and porous aromatic frameworks (PAFs), are also of interest for gas storage
applications.2% 211 Computations have predicted that certain structure types may exhibit H, storage
capacities as high as 50.6 g/L;?'2-214] however, only a limited number of materials have been
experimentally evaluated to date (Table 1).[2°7 211 These capacities approach those of the best MOF
materials, but further work is needed to improve the conditions that are suitable for large-scale synthesis.
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Figure 10. Solid-state structures of representative Hz adsorbents. All structures are drawn at the same scale.
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polyhedra. Hydrogen atoms are omitted for clarity. PAF-1 is amorphous, so the structure of the ideal
diamond net is shown. Image courtesy of Hiroyasu Furukawa, University of California, Berkeley and
Lawrence Berkeley National Laboratory.

As a result of their low H; binding enthalpies (—4 to —5 kJ/mol), the aforementioned materials are suitable
only for cryogenic H; storage. Significant energy savings could be achieved by storing hydrogen near
ambient temperatures by controlling the thermodynamic and/or kinetic properties of materials.[?!5 To
realize such strong H; binding energies within adsorbents, one promising strategy is to use MOFs
featuring coordinatively unsaturated metal sites that can polarize the H, molecules, drawing them closer
to the surface.*1 The M-MOF-74 or My(dobdc)(M = Mg, Fe, Co, Ni, Mn, Zn; dobdc* =
dioxidobenzenedicarboxylate) family of frameworks and structural analogues feature a high density of
coordinatively unsaturated metal sites and have been extensively studied for hydrogen storagef?¢!

(Table 1).2%°! Recently, a vanadium-based MOF, V.Cl, s(btdd) (btdd = bis(1H-1,2,3-triazolo[4,5-b],[4',5'-
i])dibenzo[1,4]dioxin), was shown to exhibit an optimal binding enthalpy of —21 kJ/mol for ambient
temperature H; storage.?*! To improve the capacity, the synthesis of MOFs containing low-coordinate
metals capable of binding multiple H> molecules at each site provides a powerful strategy.?"]

For practical applications, additional properties must be evaluated, including adsorption and desorption
kinetics, durability and impurity tolerance, thermal transport properties, formation of dense monoliths
from powders, and effects of pelletizing powdered samples. Many of these are currently in early-stage
research. Although the use of porous carbon samples has been extensively investigated, materials with
controlled heterostructures and hybrid materials are of interest.[**”1 However, low isosteric heats of
adsorption may limit their application to cryo-storage. Catalyst-driven hydrogen spillover on carbon-
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based materials has also been extensively explored but was determined to be infeasible for light-duty
vehicle storage.**”) However, the observation of C-H bond formation during this process suggests this
approach could be useful for long-term hydrogen storage. Issues with reproducibility indicate that
fundamental understanding of the spillover mechanisms is lacking.?*® 2291 Additionally, simple analysis
protocols to estimate the amount of stored H; in a tank have yet to be developed.[?2%

3.1.2 Chemical Storage

Chemical storage (CS) is broadly defined as storing hydrogen in chemical bonds in contrast to adsorption
on a high-surface area material. Because the hydrogen in CS is strongly bound, thermal energy—and, in
some cases, a catalyst—are required to enable hydrogen release and uptake. Compounds used for CS
cover a broad range of elements. However, materials primarily composed of light main group elements—
particularly Li, B, C, N, O, Na, Mg, and Al—are often sought to achieve high-gravimetric densities of
hydrogen. There is also renewed interest in CS and LOHCs for nonvehicular applications, given the
potential to use existing infrastructure to transport and store hydrogen in this form at ambient pressures
and temperatures. Large-scale and long-duration energy storage in chemical bonds is attractive for a wide
range of applications, such as emergency backup power for critical infrastructure, and storage and
transport of energy derived from intermittent renewable resources. 2?1l

Metal Hydrides. Metal hydrides are the most extensively investigated class of storage materials and are
used commercially for a variety of applications. Subcategories include binary or “simple” hydrides in
which the metal is bound only to hydrogen, such as MgH: and AlHs, and complex hydrides in which the
metal is bound to a polyatomic anion, such as BH4, AlH4", or NHz. Examples include LiNH2, Mg(BH.)a,
and NaAlH,. Both simple and complex hydrides in their bulk form have been extensively researched for
light-duty vehicle transportation.[’® 222l Interstitial hydrides are an extremely large class of materials that
has versatility and tunability for both sorption pressures and temperatures. Examples include AB (e.g.,
TiFe), AB; (e.g., MgNiy), and ABs stoichiometries (e.g., LaNisHs).1*8 223 These materials generally have
excellent uptake and release kinetics and high-storage densities. The gravimetric capacity of these is too
low for transportation applications, but they have proved to be suitable for stationary applications and in
material handling equipment in which the additional weight is an advantage. Key issues to be addressed
include improved activation (e.g., for TiFe) and resistance to poisoning by impurities, such as CO, O,
H.0, and sulfur-containing species. Reduced hysteresis and microstructure engineering to resist
decrepitation would also be key improvements.

Achieving high hydrogen capacity, particularly gravimetric capacity, has traditionally been a major driver
for hydride discovery.[*% 2241 However, it is now clear that the thermodynamics and kinetics of hydrogen
release and uptake are major issues*®? as a result of the multiple physical and chemical processes
involved (Figure 11).12%! This knowledge has led to a variety of innovative strategies. Nanoscaling in
particular is the focus of vigorous research, % 2241 byt high-entropy alloys,??®! metastable hydrides, 22"
and compositest??® are also of interest.

Carbon-Based Compounds. Cyclic alkanes as LOHCs have reached a level of maturity that allows them
to be used in small-scale industrial applications. By nature of being in a liquid form, LOHCs provide
advantages over solid phase materials, such as metal hydrides, because they can transport hydrogen by
using existing infrastructure, such as pipelines, tanker trucks, rail, and cargo ships. For example,
methylcyclohexane is being used to ship hydrogen internationally from Brunei into the port of Kawasaki
in Japan.l??! Platinum supported on oxides is reportedly the best catalyst for releasing H, from
methylcyclohexane vapor.[% The compound H18-dibenzyl toluene is also being used as a hydrogen
carrier in which a platinum-based catalyst is used to release hydrogen in the liquid phase.?*!] Recent
reviews have focused on the desirable range of physiochemical properties and thermodynamics of
LOHCs, 1172 173.232] 45 well as on the kinetic and catalytic challenges.[232 234
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Figure 11. Schematic showing chemical and physical processes occurring during interactions of hydrogen
with a chemical storage material, such as a metal hydride.Source: Ref. [225 Reprinted with permission from
Wood, et. al., "Beyond Idealized Models of Nanoscale Metal Hydrides for Hydrogen Storage,” Industrial &
Engineering Chemistry Research, 59, 5786-5796 (2020). Copyright 2020 American Chemical Society.

Boron Compounds. Borohydrides and boranes have drawn considerable interest, particularly ammonia
borane, for its high density of hydrogen and the low temperature of H; release; however, regeneration is
still energy intensive.?% 2% On the other hand, thermal decomposition of borohydrides forms a mixture
of “unstable” borane products that can be hydrogenated to regenerate borohydride under extreme pressure
and high temperatures.[®” Saldan describes some of the complex chemistry and how it changes with
reaction conditions.?*® Although several studies have described the catalytic activation of B-H bonds in
ammonia borane,% there is little insight into catalysts to enable H; release from borohydrides.

Nitrogen-Containing Compounds. Ammonia and N-heterocyclic arenes have received the greatest
attention in this class of materials. A breakthrough in low-temperature ammonia synthesis was recently
achieved,* reducing the temperature for high catalytic activity from between 300 and 500 °C, as
required for the incumbent Haber-Bosch process, to <300 °C by using a bifunctional LiH-transition metal
catalyst. It was proposed that the second catalytic site, LiH, acted to break the scaling relationship
between adsorption and transition-state energies of intermediates observed with transition metal
catalysts.* An intriguing process for low-temperature H, release using LiNH.2*" was recently reported
with 100% conversion of NH3 to H; at <500 °C. The topic was recently reviewed.!?*?

Nitrogen substitution into cyclic alkanes reduces the free energy and allows H- release at lower
temperatures. Crabtree recently reviewed the approach.?3 Notably, in silico methods are being used to
identify the optimum candidates using hetero atom substitution.[*%2 2441 There was interest in cyclic
azaborines, carbon-boron-nitrogen compounds, given the favorable thermodynamics; however, it was
difficult to find catalysts that could couple the endothermic and exothermic release of hydrogen.?*]

Oxygen Compounds. These CS materials and processes include classic methanol reforming. Low-
temperature molecular catalysts have been reported to reform methanol at lower temperatures. 2461 A
recent focus has been on catalyst development for H, release from formic acid*"! and formate salts.["")
Formic acid is intriguing because as the release of H; is entropy controlled and provides a chemical
approach to generate high-pressure hydrogen. Although not the topic of this roundtable, it is notable that
an active field of research is the production of formate or formic acid using electrochemical reduction of
CO: incorporating water oxidation in the same device, eliminating the separate step of producing
hydrogen.[24. 249
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3.2 Physically Based Storage
3.2.1 Compressed Gas Storage and Transport

Hydrogen is commonly stored and transported as a compressed gas, and the technology for this is mature.
Suitable materials, material microstructure, and cylinder design for compressed gas hydrogen storage
must consider the effects of adsorption and diffusion of hydrogen into the material on the materials’
mechanical properties, commonly known as hydrogen embrittlement.!?>%-2%¢] For small-scale uses,
hydrogen is currently distributed in standard US Department of Transportation—-approved gas cylinders at
pressures up to ~150 bar. Special transportable gas cylinders are available at pressures up to ~420 bar.
Transportable cylinders are generally Cr-Mo steel (aluminum can also be used for hydrogen service),
which has been quenched and tempered to a relatively low-strength condition (tensile strength <850
MPa). Although these materials are strongly affected by hydrogen, especially for fatigue loading, they
remain ductile, and the low-wall stresses characteristic of transportable cylinders effectively manages the
embrittling effects of hydrogen. Stationary storage for fuel cell applications can approach pressures of
1,000 bar (e.g., in vehicle refueling applications). Steel vessels for these higher-pressure applications
require very thick walls to manage the high pressure-induced stresses. Consequently, quenched and
tempered Ni-Cr-Mo steels are used to help manufacture the required thick-walled structures. As for
transportable gas cylinders, the strength of the steels is relatively low (tensile strength <915 MPa) to
manage hydrogen embrittlement.?>" Steel pressure vessels of these types are generally referred to as Type
I vessels (i.e., all steel) and are relatively inexpensive and extremely heavy.

Hoop-wrapping of steel cylinders with high-strength wire or fibers is an engineering solution to manage
stress in large-scale stationary pressure vessels for high-pressure operation (~1000 bar).?*! The pressure-
induced hoop stresses are shared between the thick-walled steel structure and the hoop wrapping,
typically carbon fiber or high-strength steel wire. Axial stresses are carried principally by the steel. Load-
sharing structures of this type are referred to as Type 11 vessels. Type Il vessels are essentially Type |
vessels with a composite wrapped around the cylindrical section of the vessel. Recent advances in
characterizing the mechanical properties of pressure vessel steels in hydrogen suggest that Type Il vessels
can be designed so that the vessel service life is limited by the aging of the composite, provided that the
fatigue stresses in the steel due to pressure cycling are appropriately managed.[?>%

Two types of composite overwrapped pressure vessels are used for mobility applications: Type Il vessels
use a nonstructural metal liner, and Type IV vessels use a polymer liner. These types of composite vessels
improve the volumetric and gravimetric efficiency of storage at substantially higher cost.[?6% The standard
fuel system for light-duty FCEVs includes a Type Il1 or Type 1V vessel for onboard storage at a pressure
of 700 bar. Type Il vessels at 350 bar are also used in FCEVS, such as busses.

There are two principal methods of compressed hydrogen transport: truck and pipelines. The tube trailers
used to transport GH; by truck are simply bundles of large gas cylinders made of the same steels used for
transportable gas cylinders. The use of Type Ill and Type IV vessels is increasing for hydrogen transport
because of the substantially higher payload capacity of the tube trailer. (e.g., ~350 kg H- for a jumbo
trailer with steel tubes at ~182 bar compared with ~1,000 kg H> of composite tubes at 500 bar). The
transport of compressed GH. in dedicated pipelines is a mature technology, whereas the impact of
blending hydrogen into natural gas (HyBlend) remains a lively debate. HyBlend is discussed in detail in
Section 3.2.2. Steel pipelines are essentially long pressure vessels that use lower-cost and lower-strength
steels. Pipeline steels perform similarly to pressure vessel steels in hydrogen environments. More than
2,500 km of hydrogen pipeline exist in the United States, primarily in the Gulf Coast region, to support
the oil, gas, and chemical industries. Even after decades of research, fundamental questions remain
concerning the atomistic interactions of metals with dissolved hydrogen. Imaging of hydrogen within the
metal lattice is a significant challenge because of the high mobility of H and the compositional
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complexity of commercial alloys, whereas surface studies are often confounded by background hydrogen
and surface mobility. The surface chemistry of metals exposed to GH. represents a rich research topic,
especially in the presence of the diverse range of potential oxides on metal surfaces and other species that
are present when hydrogen is blended with natural gas (e.g., oxygen, sulfur compounds, carbon
monoxide).

Numerous innovations in pressure vessel design are under development (e.g., conformal vessels, Type V,
linerless vessels); generally, these invoke creative engineering by using existing materials and
manufacturing methods. Advanced third-generation steels—a broadly active area of research—are not
targeted toward pressure vessel applications and are unlikely to improve the cost-performance trade space
for this application. Innovative microstructural design concepts for low-cost steels (e.g., low-carbon
steels) have not been proposed for demanding structural service in harsh environments, but materials
design developments could benefit hydrogen technologies for storage and transportation. Fundamental
limitations of composite vessels (inclusive of Type I1) include the cost and strength of the composite
fiber, as well as the stress rupture properties of the fiber.

3.2.2 Blending Hydrogen with Natural Gas in Pipelines

Blending of hydrogen with natural gas in pipeline networks is gaining interest as a means to reduce
emissions from the heating and power generation sectors. In 2020, DOE selected the HyBlend project for
funding, a 2 year collaboration between six national laboratories and over 20 stakeholders, conducting
materials compatibility R&D, cost, and emissions analysis to identify the value proposition and quantify
the challenges associated with blending. Additionally, DOE’s Building Technologies Office and HFTO
are managing the development of an R&D outlook document to identify technical barriers to use for
hydrogen blends in building appliances. Currently, several gas system operators worldwide are also
conducting pilot tests of blends with hydrogen levels on the order of 5-30 vol % (Figure 12), blending
either in pipelines or at the point of use (e.g., the natural gas turbine). These demonstrations will identify
additional technical and operational barriers to blending.

Multiple pilots, including
the Falkenhagen project feej

Chiyoda Corp. to test
e blending at point of
=y (9 testlng blends up to 2% combustion for an 80 MW
A A ;. since 2013 turbine, scalingupto a 1
CenterPoint pilot of 434 GW turbine
blends up to 5% on low- ﬁ(\:@“‘* " Ihs

pressure d|str|but|on

Canadian Utilities HyDeploy project testing
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distribution network
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Figure 12. Summary of announced or ongoing pilot programs intended to study the impacts of hydrogen
blending on natural gas pipeline systems. This figure summarizes major pilots and is not infended to be
comprehensive. Source: Bri-Mathias Hodge, National Renewable Energy Laboratory; B. Cakir Erdener, B.
Sergi, O.J. Guerra Fernandez, A. Lazaro Chueca, K. Pambour, C. Brancucci, B-M Hodge, "A review of
technical and regulatory limits for hydrogen blending in natural gas pipelines” (Under review).
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One key concern with regard to blending is that hydrogen can affect the reliability of metallic and
polymeric pipeline materials. The magnitude of these effects depends on pipeline operating pressure,
operation (e.g., daily pressure fluctuations), pipeline integrity before blending, and pipeline materials.
Hydrogen pipelines in service today are designed around relevant codes and standards (e.g., the American
Society of Mechanical Engineers B31.12, Hydrogen Piping and Pipelines) to manage these risks.
However, limited R&D has been conducted to date regarding the performance of legacy natural gas
pipeline materials in varying concentrations of hydrogen. One goal of the HyBlend project is to conduct
testing across a range of materials and blend pressures to inform the development of a publicly accessible
tool that characterizes the risks of blending under user-defined conditions, 6% 2621

Beyond materials, hydrogen blends are also likely to impact gas system operations. The lower calorific
value of hydrogen reduces the Wobbe Index of the delivered gas, an indicator of the interchangeability of
fuel gases. The range of impacts could be conditional on the natural gas quality (Figure 13). Maintaining
a consistent energy content delivered to customers could require increased gas flows and pressure levels
and thus require modifications to existing equipment. Increasing pressures would also require higher
power consumption from compressor stations and could affect reliability and efficiency.?%% 2641 Aspects
such as leakage rates of hydrogen blends from underground gas storage facilities, metering devices, and
regulators are not yet well characterized. End-user restrictions could also limit blend levels. For example,
the gas turbines manufactured by some original equipment manufacturers (OEMS) have a limiting value
of 5-15%, and others have reported high-efficiency gas turbines fueled by mixes of up to 30% hydrogen,
although higher levels could be possible with retrofits or technological advancement.
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Figure13. Wobbe index values for different hydrogen blending levels and natural gas types based on
assumed gas compositions shown in the fable. Values are estimated using simulatfions on a test
network with the SAInt gas net modeling software. Source: Bri-Mathias Hodge, National Renewable
Energy Laboratory; B. Cakir Erdener, B. Sergi, O.J. Guerra Fernandez, A. Lazaro Chueca, K. Pambour, C.
Brancucci, B-M Hodge, “A review of technical and regulatory limits for hydrogen blending in natural
gas pipelines” (Under review).

Historically, many gas system operators limited the hydrogen levels (typically 0.1-0.5% in natural gas) to
maintain high gas quality. Regulatory limits to hydrogen blending differ by country, ranging from as low
as 0.1% in Japan, Sweden, the United Kingdom, and others to as high as 10% in Germany. Data on these
limits are available from various sources, including the European Hydrogen Law Database (HyLaw),?%% a
survey of European regulators by the Agency for the Cooperation of Energy Regulators (ACER),125]
academic papers, 2672681 and other sources.[ 26° 27 Countries without explicit limits, such as the United
States, may nonetheless provide implicit constraints on hydrogen blend levels, such as requirements on
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the energy content of delivered gas. Many regulators are currently looking to hydrogen blending pilots to
evaluate whether to permit higher blending levels.

In terms of the usefulness of blending as a decarbonization strategy, hydrogen has a much lower energy
content than natural gas, meaning that larger volumes are needed to provide the same energy services to
end users as displaced natural gas. Thus, high levels of blending (i.e., >75% H,) are likely to be needed to
substantially reduce emissions from natural gas.

3.2.3 liquid Hydrogen Storage and Delivery

There are many potential advantages to building a hydrogen infrastructure using liquid hydrogen (LH>)
rather than GH; (Figure 14).1 The higher density of LH; leads to a smaller footprint for stationary and
onboard storage and lower distribution costs.!?"2 2% |_H, can be transported in barges and overseas on
ships; LH, pumps can be compact and achieve high throughput with low electricity consumption. 4

| Liquefaction | Storage | Transmission Storage and | Dispensing
Distribution

Figure 14. Typical LH2 pathway showing steps for liquefaction at H2 production site, storage at port,
fransmission by ships, storage at receiving terminal, and distribution and dispensing.

Source: Ref. [Z711Image L-R: “Aerial of Badak NGL Natural Gas Refinery,”
(https://commons.wikimedia.org/wiki/File:Aerial of Badak NGL natural gas refinery.jog), Created by
Consigliere Ivan/Flickr, Copyright by Creative Commons Attribution 2.0 Generic (CC BY 2.0)
https://creativecommons.org/licenses/by/2.0/deed.en; “Liquid Hydrogen Tank at Cape Canaveral,”
https://www.flickr.com/photos/warriorowoman531/8155235271/, Created by Heather Paul/Flickr, Copyright
by Creative commons Attribution-NoDerivs 2.0 Generic (CC BY-ND
2.0)https://creativecommons.org/licenses/by-nd/2.0/; *Alto Acrux Departs Darwin in June 2012,"
https://www.flickr.com/photos/40132921@N07/7501108978, Created by Ken Hodge/Flickr, Copyright by
Creative Commons Aftribution 2.0 Generic (CC BY 2.0), https://creativecommons.org/licenses/by/2.0/;
"KSC_20160428-PH_FJM0001_0016," https://www.flickr.com/photos/nasakennedy /26172644733, Created by
NASA Kennedy/Flickr, Copyright by Creative Commons: Attribution-Non Commercial-No Drivs 2.0 Generic
(CC BY-NC-ND 2.0), https://creativecommons.org/licenses/by-nc-nd/2.0/; “*Hydrogen pump,”
https://www flickr.com/photos/iip-photo-archive /22724718378 /in/photostream/, Created by GPA Photo
Archive/Flickr, Copypright by Creative Commons Attribution 2.0 Generic (CC BY 2.0),
https://creativecommons.org/licenses/by/2.0/.

For low- to medium-capacity refueling stations, specially designed LH, tanks are available to fit into a
40 ft container.?”®l These tanks have 11.5 m® of internal volume to store 900 kg of H, and double-wall
construction in which the intervening space is filled with a multilayer vacuum insulation for a <0.6%/day
boil-off rate. For early markets with low H, demand, smaller tanks are available with 6 m? internal
volume and 400 kg LH; storage capacity. They have a special insulation system to limit the boil-off rate
to <0.5%/day.?" For industrial applications with high H, demand, horizontal and vertical tanks are
available that can store 4,600 kg of LH; and obtain a <0.95%/day boil-off rate using vacuum perlite
insulation. 273

Since the mid-1960s, NASA has operated two 3,218 m?® spherical tanks at the Kennedy Space Center,
each capable of storing >230,000 kg LH..?" These storage tanks consist of an 18.7 m diameter stainless-
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steel inner sphere concentrically located inside a 21.6 m diameter carbon steel outer sphere. The annular
region is evacuated to 20-60 mTorr and filled with perlite insulation to limit the boil-off rate to
<0.035%/day. Numerous concepts were explored to develop zero—boil-off systems for cryogenic storage.
Recently, NASA completed a pilot study to demonstrate an integrated refrigeration and storage concept
that uses a closed-loop helium refrigeration system.[?’®! The pilot operated for 13 months to demonstrate
zero boil-off and 390 W cooling at 20 K without any liquid nitrogen precooling.

LH, can be delivered by road in ~4,000 kg capacity trailers that require 4 h to load and ~1 h to off-
load.?”I Nearly 100 kg of H; is vented during LH, transfer at refueling stations.?”"1 The off-load time can
be cut in half and the transfer losses avoided by transporting LH> in 3,000 kg containers that can be
swapped at the refueling station.[2”®! LH, can also be transported overseas by using these containers,
possibly with liquid N2 shields for longer holding times.?”*] Kawasaki is planning to build and operate
two LH, carriers to operate on the 9,000 km Australia-to-Japan route.?’”! Each carrier will have four
40,000 m?® spherical tanks for 160,000 m® or 10,800 tons of H total capacity. As a comparison, the largest
liquified natural gas carriers in commercial use today have 180,000 m? capacity obtained with four Moss-
type spherical tanks.

An early onboard LH, storage system designed and built for light-duty vehicles had 143 L of internal tank
volume for 8.1 kg of H, capacity at operating pressures of up to 5 bar.?’®] The total weight of the system
was about 100 kg.?"®1 A subsequent design using lightweight aluminum instead of steel showed the
feasibility of reducing the system weight to 66 kg and improving the gravimetric capacity from 9 to
15%.[2781 Recently, conceptual studies were conducted to investigate onboard LH, storage for long-haul
heavy-duty trucks, freight locomotives, passenger boats, and regional planes.?”® 28 These studies suggest
that LH2 might be attractive in applications that require large amounts of stored H; (e.g., locomotives,
boats, trucks), have duty cycles that require only 1-3 days of dormancy (e.g., trucks), or are extremely
sensitive to weight (e.g., aviation).

3.3 Geological Storage

Geological storage of hydrogen within salt _
cavities was demonstrated.28] However, to proaucion
allow geographically more widespread
storage and opportunities to meet ongoing
renewable energy needs, additional geological
formation types must be considered, such as
porous media (Figure 15).12821 This will
require increased characterization, including
understanding technical challenges involved
in the subsurface storage of hydrogen. These
include (1) the enhanced mobility of
hydrogen, which has a viscosity of about half
that of natural gas; (2) hydrogen
embrittlement of the steel casings typically
used in well completions;?% and (3) the
impact and permeability of hydrogen on Figure 15. Image depicting the technical challenges to

_ ; ; be addressed to ensure the successful storage of
2;2?;&6;%2112[231?1%;3%2S]Zﬁcioenlses:ﬂ;ners’ hydrogen within porous media. Source: Ref. 282 Used

. - 10285] : with permission of Royal Society of Chemistry from
center on the biological and chemical “Enabling Large-Scale Hydrogen Storage in Porous

interactions of hydrogen with the host rock Media - the Scientific Challenges,” Heinemann, et. al.,
and engineering well materials. These could Vol. 14, 2021; permission conveyed through Copyright
change the permeability of the storage Clearance Center, Inc.
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formation, thereby impacting the reliability of geologic seals and compromising the integrity of the access
well.[286.287]

For the storage of hydrogen in depleted reservoirs (e.g., porous media), literature has discussed the issues
in common with storing other gases.?® These include the need for a cushion gas, migration into the
surrounding formation rocks and fluids, contamination of the stored gas, and subsurface chemical
reactions. The similarities to natural gas and helium are also evident in simulation work, indicating the
importance of understanding gas diffusion and bio-geochemical interactions among the gas phase, the
residual water or brine, and the rock matrix.[% In contrast, other recent modeling has shown that the
details of subsurface hydrogen storage are unique and differ from those of natural gas.!?®® These
differences include the hydrodynamics of the storage system in addition to differences in microbial
activity. The main difference between hydrogen and natural gas storage is the higher diffusivity and lower
viscosity of hydrogen.?81 With respect to hydrogen storage in salt caverns, virtually no difference was
observed in salt permeability between natural gas and hydrogen.?®!l The only differences observed were
attributed to the differences in viscosity between the gases. Consequently, large-scale permeation of
hydrogen into the surrounding salt should not be an issue. Perez et al. discusses work regarding chemical
and biologic reactions with the host rock in an assessment of subsurface porous media hydrogen storage
in Argentina, but hydrogen embrittlement was considered to be the greatest technical hurdle in
implementing this facility.?%2

Beyond subsurface geological storage, the storage of hydrogen underwater is also possible, taking
advantage of the pressure generated by the water column and allowing hydrogen to be stored at high
pressures without the need for storage vessels that need to tolerate high pressure differentials. This
approach was investigated for compressed air storage but offers much greater energy densities in stored
hydrogen. 2%

4. Hydrogen Utilization and Conversion

As shown in Figure 1, there are a myriad of uses for hydrogen. These technologies are in various stages
of development. The processing and production of chemicals (e.g., petroleum refining and ammonia
synthesis) are well established, but in many cases, they are energy intensive and need alternative
processes to decrease energy use and increase product selectivity. Hydrogen can be used to produce
electricity using fuel cells, an established process from an R&D and demonstration standpoint that is an
emerging technology in terms of implementing and adopting a variety of applications. Although hydrogen
has been used in combustion turbines for power generation for decades, almost all applications and
demonstrations use low concentrations of hydrogen to avoid various issues with NOy emissions and
component degradation. Early-stage applications include conversion to other energy carriers via chemical
upgrading and commodity production.? # 8 2%1 The common goal of the majority of emerging and early-
stage applications is to reduce CO, emissions by either decreasing the process energy demands or directly
replacing fossil fuels, such as methane and gasoline.

4.1 Conversion to Energy and Electricity
4.1.1 Fuel Cells

Fuel cells electrochemically convert the chemical energy in hydrogen into electrical energy that can be
used in applications that range from small portable power to transportation (e.g., cars and trucks) to grid-
level stationary power with higher efficiencies than the incumbent combustion processes.[? 21 The by-
product heat from the electrochemical reaction can also be used to increase efficiencies in combined heat
and power applications, such as residential power. There are several types of fuel cells that differ in terms
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of the materials used in their components—such as the ion-conducting electrolyte—which define their
operating temperature range and are categorized in this document as low, intermediate, and high. The
operating temperature then dictates the most suitable applications and the required fuel purity. PEM fuel
cells (PEMFCs) typically operate in the 20-100 °C temperature range but can provide power at even
lower temperatures. Because of these low operating temperatures, their solid-state construction, and their
rapid response to changing loads, PEMFCs are suitable for transportation and for portable and stationary
power. Solid oxide fuel cells (SOFCs) typically operate at 600-1000 °C, which makes rapid start-up and
load cycling challenging. Thus, SOFCs are most suitable for large-scale stationary power applications.
There are several other types of fuel cells, such as molten carbonate and phosphoric acid, that are
considered mature technologies but that have limitations due to their non-solid-state construction and
thus receive less R&D attention.

The total global shipments of fuel cell systems were over 1 GW in 2019, and the transportation sector and
stationary applications accounted for 908 MW and 221 MW, respectively.?* Fuel cells for transportation
are in the early stages of commercialization with >10,000 fuel cell cars sold in the United States and more
than 40,000 fuel cell vehicles worldwide.l! A major driving force for the implementation of fuel cells is
their capacity to produce zero emissions with water as the only by-product. Countries and municipalities
are increasingly passing legislation banning internal combustion engines in favor of zero-emission
vehicles. For example, California is requiring that 50% of trucks be zero-emission by 2035 and that 100%
of trucks be zero-emission by 2045, as well as plans to ban the sale of gas-powered cars in 15 years.[?°!
This type of legislation exemplifies the need for new transportation technologies, such as vehicle
electrification. Stationary applications of fuel cell systems range from the sub-kilowatt to multi-megawatt
scales. These applications include residential power and heat, such as the 300,000 residential fuel cells
operating in Japan, and more recent use in data centers.’?! Reversible fuel cells, which are combinations of
fuel cells and electrolyzers as either separate or integrated units,?°7-21 also offer the potential for energy
storage, which could help facilitate the deployment of intermittent renewables, such as solar and wind.

4.1.1.1 Polymer Electrolyte Fuel Cells

There are two major types of low-temperature fuel cells: PEMFCs and Alkaline Exchange Membrane Fuel
Cells (AEMFCs). Early commercial fuel cell vehicles adopted PEMFCs exclusively; however, interest in
AEMFCs is rapidly growing, as evidenced by the rising rate of publications.B®! For transportation
applications, developers have been highly focused on direct hydrogen fuel cells that rely on high-purity
hydrogen, whereas distributed generation fuel cell applications use hydrogen from natural gas or liquid
petroleum gas. The focus of R&D on PEM transportation fuel cells for the last decade has been on the light-
duty vehicle application and meeting the cost and longevity demands of that application. Recently, fuel cells
for heavy-duty vehicles have attracted significant attention. R&D efforts have thus shifted to evaluating
material performance in terms of enabling higher efficiency (target 72%) and durability (target 30,000 h)
rather than a relatively singular focus on material cost reduction.!

PEM fuel cells are typically based on membrane electrolytes membranes that facilitate the efficient and
selective transport of hydrogen ions from the anode catalyst layer to the cathode catalyst layer (CCL); the
anodes contain platinum catalysts for hydrogen oxidation, and the cathodes employ platinum or platinum-
alloy catalysts for oxygen reduction. The oxygen reduction reaction (ORR) at the cathode is most often
the rate- and performance-limiting process, resulting in an extensive R&D effort to develop highly active
and durable cathode catalysts. A representative three-layer membrane-electrode assembly (MEA) is
shown in Figure 16 %3021 that also illustrates the hierarchical structure of the electrode, especially the
CCL. The catalyst nanoparticles are highly dispersed within the catalyst layers with 2-5 nm particles
supported on carbon black particles.®®! Platinum-alloy catalysts were developed that exhibit a high initial
activity, including PtCo, PtNi, and PtFe; however, durability and leaching of the transition metal can be
problematic because they can degrade the membrane properties and poison other constituents in the
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MEA. Ordered intermetallic platinum-alloy catalysts have shown the promise of better stability and long-
term performance and are currently being incorporated into CCLs.% Research aimed at the development
of high-performance PGM-free catalysts for the ORR at the cathode is an ongoing DOE effort to
significantly lower the overall cost of PEMFCs.E%! Although the activity and durability of PGM-free
catalysts is not yet sufficient to meet performance goals and targets for PEMFC systems, recent progress
in this class of catalysts, especially in terms of enhanced durability, is bringing PGM-free catalysts much
closer to practical applications. 2 307]

Although hydrogen oxidation is fast, the anode typically requires high-purity hydrogen so as not to poison
the platinum catalyst. Fuel cell electrocatalysts are susceptible to contaminants found in hydrogen and air,
including sulfur compounds (e.g., H2S or SOy). Strict hydrogen fuel quality standards limit the
permissible amount of impurities, such as CO, sulfur-containing compounds, ammonia, and halogenated
compounds, which add to the cost of H,, which can be challenging for Hz produced by SMR. The
membrane in PEMSs requires relatively high levels of humidification to be highly proton conductive, and
the relatively low operating temperature (80 °C) can pose challenges for vehicle heat rejection; higher-
temperature membranes could lead to significant cost and performance benefits. The electrocatalysts,
catalyst supports, and membranes making up PEMFC MEAs can degrade during PEMFC operation, and
the degradation mechanisms are not fully understood.°! Therefore, improvements in the performance of
materials to enhance durability and extend lifetimes are actively being pursued. Additionally, multiple
material interactions within the CCL serve to limit fuel cell performance; for example,
ionomer/electrocatalyst surface interactions during CCL preparation can reduce catalytic activity, as
summarized in Figure 17.1399312.3131 Dyrability, ORR Kinetics, tolerance of hydrogen fuel impurities, low
relative humidity and/or higher-temperature (~120 °C) operation, ionomer/carbon/catalyst surface
interactions, and electrode design optimization all remain active PEMFC R&D areas.F'% In the mid- to
long term, achieving stable PEM conductivity under hot (>100 °C) and dynamic fuel cell operating
conditions, and achieving high thermal stability and tolerance of water for proton conductors will enable
the use of high—energy-density liquid fuels that will increase the payload space for heavy-duty
vehicles.

27



Electrode

Catalyst/lonomer Interface

Increasing Ink Water Content

w0 | [TISWHEHOEED

Interactions
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layers. High water concentration dispersions lead to fewer secondary aggregates and to changes in the
ionomer/catalyst structure that affect both gas transport and coverage of the catalyst with the ionomer.
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Polymer Electrolyte Fuel Cells, from Formulation to Application,” ACS Appl. Mater. Interfaces, 11, 46953—
46964 (2019). Copyright 2019 American Chemical Society.

AEM fuel cells have attracted attention owing to the improved stability of many materials in alkaline
environments vs. acid environments. Non-platinum electrocatalysts exhibit good stability and high
activity in alkaline environments; however, the performance of AEM fuel cells greatly depends on the
interactions between electrocatalysts and ionomeric binders. Because electrochemically inert
perfluorinated anion exchange ionomers are currently unavailable, the adsorption of ionomer fragments
can significantly inhibit hydrogen oxidation and ORR (Figure 18).3* The adsorption of anion-exchange
ionomers on the catalyst impacts the electrochemical surface area, hydrogen and oxygen permeability,
and water transport, depending on the electrode potentials. Unfortunately, the fundamental aspects of
ionomer adsorption on PGM-free electrocatalysts are not well understood.
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Figure 18. lllustration of the orientation of adsorbed anion-exchange ionomer components; tetramethyl
ammonium cations (TMA*); and benzene, biphenyl, and benzyltrimethyl ammonium cations (BTMA*) on a
catalyst surface. Numbers in parentheses denote the adsorption energy of the molecule on Pt(111)
calculated by DFT. Source: Ref. B4 Reprinted from Curr. Opin. Electrochem., Vol. 12, Li, et. al., “Impact of
lonomer Adsorption on Alkaline Hydrogen Oxidation Activity and Fuel Cell Performance,” 189-195,
Copyright 2018, with permission from Elsevier.
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The durability of AEMFCs remains the most significant challenge, trailing that of PEMFCs by at least
one order of magnitude.®*> AEM-based devices have water and CO, management issues that go beyond
those of PEM-based devices.* Initial AEM fuel cell durability studies showed that the electrochemical
oxidation of phenyl group in the anion exchange ionomer at the cathode can also significantly reduce the
durability of the AEM fuel cell. Because the product of electrochemical oxidation of phenyl groups is
phenol (acidic), the pH of the catalyst-ionomer interface can be significantly lowered from a pH of 13 to
11, resulting in reduced catalytic activity for the ORR.[?* 3161 |n the near term, more systematic studies to
understand water and CO, management and the nature of catalyst-ionomer interactions could advance
AEM fuel cell technology so that it is competitive with PEMFC technology.

4.1.1.2 Solid Oxide Fuel Cells

Hydrogen-fueled SOFCs offer the potential to efficiently use green hydrogen for centralized and
distributed power generation. As discussed previously for SO-WEs, SOFCs can be based on either an
oxygen ion-conducting or proton-conducting electrolyte. The most widely-used oxygen ion-conducting
electrolyte for SOFCs is yttria-stabilized zirconia (YSZ). The standard anode is a Ni/YSZ cermet, and
perovskites, such as lanthanum strontium manganite, are common cathode materials. Doped ferrites have
also been widely explored as cathode materials for oxygen ion-conducting SOFCs. Proton-conducting
electrolytes for SOFCs include the perovskites, such as doped samaria and yttria (e.g.,
Bao.9Sr0.1Ce0.5210.35Y 0.1SM0.0503-5, Bao.5Sro5Ce0.62Zr0.2Gdo.1Y0103-5, BaCeooY010s, and La-doped
BaZrYOs ;).

Research and development efforts have led to the successful development and operation (e.g., design,
selection of candidate cell component materials, fabrication processes) of laboratory-scale and
commercial ceramic oxygen ion and proton ion-conducting SOFCs.[*53% Both cells and stacks were
fabricated and electrically tested by using dense ceramic electrolytes and metallic/oxide-based
electrodes.? The operating temperature range for this technology is determined by the temperature
dependence of the ionic conductivity of the electrolyte. Oxygen ion-conducting SOFCs operate in the
~600-1000 °C temperature range (classified as high temperature from 800 to 1000 °C and intermediate
temperature from 600 to 800 °C). Proton-conducting SOFCs potentially operate at lower temperatures
because protons have lower activation energies for transport through the oxide lattice than oxygen ions
(e.g., 300-600 °C).B17 318 The higher operating temperature range of SOFCs compared with PEM, LA
electrolyte, and AEM fuel cells, as well as the susceptibility of the ceramic cell components to both
mechanical and thermal shock, has limited their application primarily to large stationary power systems.
However, the higher operating temperatures of SOFCs offer the advantage of less stringent hydrogen
purity requirements than low-temperature fuel cells.

The technology status of SOFC systems using oxygen ion-conducting electrolytes, such as YSZ
electrolytes, is more mature than that of proton-conducting ceramic electrolyte systems, which can be
considered to be at the laboratory-scale phase of development. The commercial status of SOFCs can be
summarized as follows.

e Cumulative installations of SOFCs of over 500 MW with system sizes ranging from the watt level,
kilowatt level, and 100 kW level up to the megawatt level. System costs installed range from $3,000
to $5,000 per kilowatt before incentives.

o Cell-level durability of less than 1 year with the replacement of key components every 2-5 years.

e Power production efficiency is 45-50% in a simple cycle and 50-65% in hybrid cycles.

29



Within the SOFC cell design space, planar electrolyte-supported cells are the most widely used and are
commercially available.®*® Tubular cells have niche market appeal, and anode-supported cells have
unique advantages over electrolyte-supported cells, including reduced voltage losses due to electrolyte
resistance. A careful assessment of the data for these different cell configurations and of the system-level
performance and cost could provide a clear path forward regarding SOFC cell design.

SOFCs face challenges in robustness, durability, high manufacturing and maintenance costs, and
operating window limitations. Cell-level durability issues arise both during steady-state operation and
during thermal and load cycling.52 Both ohmic and non-ohmic polarizations of SOFCs increase with
operating time.[2% Posttest observations indicate chemical and morphological changes at the electrode
and electrolyte surfaces and interfaces, as well as bulk structural modifications. Performance loss has
been associated with cathode-side degradation mechanisms (chromium management), interconnect
stability, and seal degradation. Bipolar exposure conditions accelerate the corrosion of metallic
interconnects.'": 321 Manufacturing cost challenges arise from high-temperature ceramic processes that
require expensive furnaces and from quality assurance.* %221 Varying H,O and H; partial pressures in the
anode compartment can lead to the gasification of oxides that can be transported to the anode. Trace
contaminants poison electroactive sites and form compounds, increasing the overpotential for the
hydrogen oxidation reaction.[% 323l

Active research areas in the fundamental understanding of SOFCs include the interaction of hydrogen
(i.e., atomic, molecular, and charged) with metals and oxides at elevated temperatures with regard to
surface adsorption, bulk diffusion, and the formation of redox H»-H.O at elevated temperatures.241 At
high activity (fugacity) of hydrogen and steam (oxidation) products in the fuel atmosphere, reaction
processes with bulk alloy and oxide constituents, surface exsolution, gasification and transport of select
oxides, accelerated localized corrosion of alloys, and evaporation of metallic anode are remain relevant
research topics.

Beyond the conversion of hydrogen to electricity, ongoing areas of interest to the SOFC R&D community
include hybrid systems to maximize power output and tri-gen systems—the coproduction of power,
chemicals (hydrogen), and heat. Thermal integration and process intensification are major opportunities
for innovation in these areas. Opportunities for SOFC cell and hybrid system development include (1)
multifunction components, such as internal-reforming anodes; (2) enabling materials and processing
technologies for innovative system applications, such as power, plus other products; and (3) process
intensification for chemical, thermal, electrical, electrochemical, and mechanical integration.

4.1.2 Combustion Turbines

Hydrogen has been used as a power generation fuel in combustion turbines (i.e., gas turbines) for over
three decades. To date, the major gas turbine OEMs (e.g., Ansaldo, General Electric [GE], Mitsubishi,
Siemens, and Solar) have accumulated more than 14.5 million operating hours by using fuels that contain
some percentage of H,.?5-3% Figures 19-21 show charts from the OEMs that highlight their H, fuel
experience. However, only a few of these projects included operation on 100% H»; most, if not all,
projects that combust high concentrations of hydrogen use diffusion flame (i.e., mixing Hz and air occurs
in the flame) rather than lean premixed combustion systems, which impacts performance and NOy
emissions, as described as follows.
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Modern gas turbines typically operate in a fuel lean mode (fuel/oxidizer equivalence ratio, ® =~ 0.5-0.6).
However, they can also operate with non-premixed (i.e., diffusion) fuel injections in which the flames
burn at or near @ = 1, resulting in increased flame temperatures that drive exponentially higher NOx
emissions (Figure 22). Diffusion combustors have historically used a diluent such as water, steam, or
nitrogen to reduce the peak (i.e., stoichiometric) flame temperature. This approach reduces net plant
efficiency by ~4 or more percentage points. Lean premixed combustion systems—dry low NOx or dry
low emissions—operate at lower @, which reduces the flame temperature and lowers NOy emissions.
However, as a result of operability and flashback risks, this approach may limit H, content. Flashback
(i.e., flame propagation upstream into the pre-mixer) is more likely with Hp-bearing fuels because the
flame speed of H (~300 cm/s) is greater than that of methane (~30—40 cm/s).%! Flashback may cause
severe hardware damage and immediate outage. H. flames are characterized by greater stoichiometric
temperatures, resulting in increased NOx (Figure 23).%1 Avoiding flashback could require additional
capital cost for a larger selective catalyst reduction system or reduced performance—due to a reduction in
combustor temperature—to mitigate it. Overcoming these challenges requires a new class of combustion
systems.
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Figure 23. Impact of increased hydrogen on gas
turbine NOx emissions. Source: Image courtesy of GE
Gas Power. Ref. 399 Image courtesy of GE Gas
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These newer combustion systems use different mechanisms for fuel injection, flame stabilization, and
emissions mitigation. They include lean direct injection, jet in cross-flow, and sequential combustion.®3%
338 Figure 24 shows full-scale multi-tube (i.e., micro-mix) combustion systems that use a combination of
lean-direct-injection and jet-in-cross-flow concepts. These systems have demonstrated the capability to
operate on blends of CH4 and H,.[326. 327, 334, 336, 337, 339]

Figure 24. Three types of full-scale multi-tube combustors. Sources: (a) ref. 1334, (b) ref. 3341, (c) ref. 13371,

(a) Reprinted with permission, Dodo, et. al, “Performance of a Multiple-Injection Dry Low NOx Combustor
with Hydrogen-Rich Syngas Fuels,” J. Eng. Gas. Turbines Power-Trans. ASME 135 (2013). Published by ASME;
(b) Image courtesy Kawasaki Heavy Industries and NEDO (New Energy and Industrial Technology
Development Organization in Japan); (c) Image courtesy of the GE Company.

Operating on blends of H, and CHa results in different combustion processes compared with operation on
100% H,. Figure 25 shows laminar flame speed (S.) vs. the percent of H; in the fuel. At gas turbine
conditions and at f = 1 (dashed line), S, is <100 cm/s for all blends but jumps to ~400 cm/s for 100% Ho.
As a result, configurations that can operate on Ho/CH, blends in the 50-70% vol% range may not be
applicable at or near 100% H, fuel. The tendency of H, to embrittle metals might adversely affect a gas
turbine’s fuel system; Figure 26 illustrates the impact of embrittlement. The potential impact of H.
embrittlement on parts produced via additive manufacturing (i.e., 3D printing) is unknown. Combustion
dynamics, which are also called combustion acoustics, can cause operational instabilities and damage
hardware.[34!
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Figure 25. Laminar flame speed as a function of Figure 26. Example of field failure due to hydrogen
equivalence ratio and percent of hydrogen. Line embrittlement (left), and crack induced by hydrogen
color indicates the percent of H. Line type embrittlement (right). Source: Ref. 393 Image
indicates test condition: solid line: 15 atm, 300 K; courtesy of GE Gas Power.

dashed line: 15 atm, 600 K; dotted line: 35 atm, 600
K; dot-dash line: 15 atm, 900 K. Source: Ref. [37¢]
Direct reproduction of this figure has been
approved by the authors Brower, et. al., “Ignition
Delay Time and Laminar Flame Speed Calculations
for Natural Gas/Hydrogen Blends at Elevated
Pressures,” ASME TurboExpo, Copenhagen (2012).
Published by ASME.

The increasingly demanding requirements of modern power plant operation will likely require new or
modified combustion systems as the H, content approaches 100%. These requirements include, among
others, startup on 100% H,, stable combustion, low-load turndown, and NOx emissions compliance.
Hydrogen is not only a technology challenge; commercial viability is also a barrier. Today, the price of
H is at least two to three times the price of natural gas, and H; is unavailable in the volumes required for
even a small gas turbine to run for any appreciable length of time. This situation requires new production,
transportation, and storage capacity. These challenges must be resolved for a fully operational 100%
hydrogen gas turbine.

4.2 Conversion to Energy Carriers, Commodities, and Other Utilization
4.2.1 Conversion of Syn Gas to Hydrocarbons

Synthesis gas, commonly referred to as syn gas, is a mixture of hydrogen and CO that can serve as a
building block for a wide variety of fuels and chemicals, as shown in Figure 27.53%1 Currently, mature
technologies exist for producing syn gas from feedstocks such as natural gas, petroleum, petroleum
derivatives, and coal. Any organic compound or waste can serve as a feedstock. Recently, there has been
a growing interest in producing syn gas from non-fossil fuel sources by combining H. produced by the
electrolysis of water with CO produced by electrochemically reducing CO, to CO. [343-346] [347] [355] By
using CO, captured from an industrial process (e.g., ethanol production or combustion-based power
generation) or from the atmosphere, this technology can serve as a means to produce carbon-neutral
chemicals and fuels by recycling CO,. An additional benefit of electrochemical CO, reduction is that by
separating CO production from H; production, the ratio of H, to CO can be controlled to produce the
optimal ratio for the catalytic process being employed to produce a specific chemical or fuel.
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Figure 27. Chemicals and fuels that can be produced from syn gas. Source Ref. 3421, Reprinted with
permission from the National Renewable Energy Laboratory, https://www.nrel.gov/docs/fy04osti/34929.pdf,
accessed August 31, 2021. The NREL developed figure is not to be used to imply an endorsement by NREL,
the Alliance for Sustainable Energy, LLC, the operator of NREL, or the U.S. Department of Energy.

Although a wide variety of chemicals and fuels can be produced directly from syn gas, converting syn gas
to methanol—which can be subsequently converted into a wide range of chemicals, including acetic acid,
formaldehyde, and dimethyl ether and fuels (e.g., gasoline)—is an attractive option for using carbon-
neutral syn gas. The United States produced about 5.7 million metric tons of methanol in 2019.34
Worldwide, about 148 million metric tons of methanol were produced in 2019, and growth is expected to
reach 311 million metric tons by 2030.24! The CuO/ZnO/Al,O3 catalyst used in natural gas-based
methanol plants needs to be slightly modified to handle the larger amount of water that a carbon-neutral
syn gas would produce, and catalyst technology already exists from several catalyst vendors.*% To
produce 1 t of methanol using syn gas—with both CO and H, produced by using electrolysis of CO, and
H>0, respectively—would require about 1.38 t of CO2, 0.19 t of H, (~1.7 t of H,), and 12-13 MWh of
electricity,% the majority of which would be used to electrolyze water. A small-scale methanol plant
with a production capacity of 100 tpd would require about ~120-130 MWh of electricity. A mega-
methanol plant with a production capacity of 2,500 tpd would require a gigawatt-scale electrolyzer.
Today, most new methanol plants are mega-scale for economic reasons. However, small-scale methanol
plants in the 100-1000 ton per day range have several advantages compared with large-scale and mega-
scale plants.**1 Small-scale plants have lower capital costs, making them attractive to investors and
businesses by reducing risk. Because methanol is a liquid chemical that can be easily and cost-effectively
transported, small-scale plants can be deployed near wind or solar farms, which are often in remote
locations, or near the CO- source, eliminating the need to transport CO; to the methanol plant.

4.2.2 Conversion of Polymers to Chemicals

Plastics have become an indispensable part of the global society and are used in a wide variety of
applications, including packaging, building and construction, transportation, consumer products, textiles,
medicine, and electronics.®>? The growing concern regarding the environmental impacts of landfilling or
releasing waste plastics into the environment has fueled efforts to develop new process technologies for
converting waste plastics into liquid transportation fuels or value-added chemicals.[52-34
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Plastics have a wide range of properties, many of which derive from their thermal and mechanical
stability and their resistance to most solvents and chemical reagents, and all of which make them
challenging to convert to other products.®2 The conversion of waste polymers to fuels or chemicals
presents many challenges. The most abundant class of polymers is polyolefins, which include
polyethylene and polypropylene. Polyolefins are thermoplastics that consist of strong carbon-carbon and
carbon-hydrogen bonds that make them generally resistant to chemical transformations.!®? These
challenges are discussed in detail in a recent DOE BES roundtable report.52

Several different process technologies are being developed for waste polymer conversion, including
pyrolysis and thermal cracking, hydrocracking and hydrogenolysis, hydrothermal liquefaction, and
gasification.[3523%4 Because hydrogen is the focus of this technology status document, the discussion to
follow is limited to hydrocracking and hydrogenolysis processes that use H..

Hydrocracking and hydrogenolysis involve adding H, to the thermal cracking or depolymerization
processes that typically result in greater yields of higher-quality products than are realized by thermal
cracking, particularly if a catalyst is employed.%% Process conditions can vary but generally require
temperatures ranging from 200 to 500 °C and H; pressures ranging from 2 to 70 atm. Higher H; pressures
are typically required to prevent the formation of coke.F%

One approach for developing hydrogenolysis depolymerization catalysts is to investigate catalysts that
consist of Pt, Ir, Rh, or Ru nanoparticles supported on metal oxides that catalyze the hydrogenolysis of
small aliphatic hydrocarbons.[*2 German researchers in the 1990s catalytically hydrogenated slurries of
various plastics to produce aliphatic and aromatic compounds.?%! Oya et al.*%"1 and Nakaji et al.58
deconstructed squalane (Caso) by regioselective hydrogenolysis of internal C—C bonds into lighter
hydrocarbons over Ru/CeQ, at 240 °C and 60 bar. Celik et al.*%! reported that Pt nanoparticles supported
on nano-cuboid SrTiO3 perovskite converted polyethylene (Mn = 8,000—158,000 Da) into high-quality
liquid products, such as lubricants and waxes, characterized by a narrow distribution of oligomeric chains
at 300 °C and 170 psi of H. Product yields as high as 97% were reported. Liu et al.*%% reported that
Pt/WOs/ZrO; and HY zeolite catalysts selectively converted polyolefins to branched liquid fuels in the
gasoline to diesel range at yields up to 85% at temperatures as low as 225 °C and at 30 bar H,. Tennakoon
et al.*8Y reported that a mesoporous catalyst with a core-shell Pt/SiO; structure selectively converted
high-density polyethylene into a narrow distribution of diesel- and lubricant-range alkanes at 300 °C and
1.38 MPa H,. Zhang et al.t®? developed a tandem hydrogenolysis-aromatization process to produce
valuable alkyl aromatics from polyethylene with a Pt/Al,O; catalyst at 280 °C.

Another approach for developing depolymerization catalysts is to use the principles established for
developing polymerization and hydrogenation catalysts. Dufaud and Basset®®® reported a highly
electrophilic Zr—H species synthesized by surface organometallic chemistry that transformed short-chain
(C20—Cso) and high molecular weight (Mw = 125,000 Da) polyethylene into fuels and short-chain
hydrocarbons. The reaction occurred at temperatures ranging from 150 to 200 °C where unwanted free-
radical reactions are not possible.

A review article by Munir et al.®%! provides a more comprehensive review of hydrocracking catalyst
development than can be presented here.

To date, no process has been commercialized for the conversion of polyolefin wastes using hydrogen.
Current processes still produce a broad distribution of products with yield and selectivity below what is
needed for commercialization, and they require significant downstream separations processing. Rates are
relatively slow, and some processes have reaction times of 24-72 h. Relatively small changes in operating
conditions—such as temperature, pressure, or residence time—often drive the product yield toward
unwanted light (C,-C4) gases.
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The key challenge for the conversion of polymer waste by the hydrocracking and hydrogenolysis
processes is that it produces a broad distribution of molecular weights of solid, liquid, and gaseous
products that require energy-intensive separations processes to recover.5? Ideally, upcycling processes
should produce one desired product or a well-defined range of products to avoid the energy costs of
separations and recovery. Nearly all processes still yield product distributions in the gasoline-to-diesel
fuel range. A few processes produce product distributions in the lubricant range, which is a higher-value
product than liquid fuel. To date, no process selectively produces one chemical product. New catalysts
and chemical processes to increase the selectivity of the reactions are being explored. Catalyst designs
should consider incorporating desired functionalization and/or cleavage events with molecular
recognition. Introducing reactive functional groups at specific sites in the polymer could provide
molecular recognition sites on which catalysts could react.

4.2.3 Ammonia Production

Worldwide production of ammonia was 235 million metric tons in 2019, making it the second-highest
produced commodity chemical.*4 About 80% of the NH3 produced is used in fertilizer production, and
the remaining 20% is used in explosives, pharmaceuticals, refrigeration, and other industrial
processes.%% There is a growing interest in using ammonia as a carbon-free fuel for combustion
applications or as a hydrogen carrier for fuel cells because of its high volumetric energy density

(15.3 MJ/L), high hydrogen content (17.6 wt %), and the existing infrastructure for distribution and
storage.[¢4

Ammonia is currently produced by the Haber-Bosch (N @g:i] @“m‘ )
process (Figure 28).13+%81 The process uses iron-based o . eé’éw‘”&?s’-;rJ | g
catalysts that require temperatures of 300-500 °C and e
pressures of 130170 bar, or ruthenium-based catalysts e (o™ )

that operate at lower pressures (<100 bar).[¢7] (A= etomer ——
Conversion is low, about 10-15%, despite the harsh e Water-gas

reaction conditions. The process is energy intensive, —

requiring over 30 GJ per metric ton of ammonia S |co,separator :
produced, and has high greenhouse gas emissions of N — g
2.16 kgCO2-/kg NH3 because of the high temperatures [actr g

and pressures required and the use of natural gas or
coal to produce hydrogen.4 Ammonia production
consumes more than 1.4% of the world’s energy supply
and emits more than 400 million tons of CO;
annually. 6]
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Figure 28. (a) Haber-Bosch process
Increasing demand for NHs is necessitating the compared with (b) an electrochemical
development of alternative synthesis processes that are ammonid synthesis process.

. . . Source: Ref. [3¢5 Reprinted from Int. J.
[364-368]
less energy and CO; intensive. As shown in Hydrogen Energy Vol. 38, Giddey, ef. al.,

Figure 28, one possible process is the electrochemical “Review of Elecirochemical Ammonia
reduction of nitrogen by using either hydrogen or water Production Technologies and Materials,”
as the source of protons—the latter can be considered a 14576-14594, Copyright 2013, with
combination of a water and nitrogen electrolyzer.%] permission from Elsevier.

Electrochemical routes could reduce energy consumption

by perhaps as much as 20%, simplify reactor design, and reduce overall process complexity and cost.
Several excellent reviews that focus on electrochemical NHz synthesis processes were recently
published.®543681 Designing catalysts that promote the nitrogen reduction reaction (NRR) while limiting
the HER is a main challenge.®+3%¢1 Noble metals (e.g., Ru, Pt, Au, Rh, Pd), transition metals (e.g., Fe,
Mo, Co), single-metal-site, bimetallic alloy, transition metal nitride, transition metal carbide, non-noble
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metal sulfide/oxide, defect-engineered-oxide and nitride, and defect-rich carbon catalysts have been
extensively studied. The HER was the dominant reaction with relatively little NRR activity exhibited by
noble metal catalysts in polymer electrolyte membranes or hydroxide-exchange membranes. 2!
Production rates of 21.4 pg/h™t-mg—c. were reported by using a gold catalyst.E’ Even if noble metals
were able to achieve high catalytic activity, their limited supply and high cost are major concerns. ¢!
Bimetallic alloy catalysts recently attracted attention based on the potential synergistic effects of
combining two metals. A RuPt/C catalyst exhibited an NHz formation rate of 3.0 x 107 mol/h*.cm~2,13¢6]
Oxide catalysts—including spinel Fes0. nanorods, MoOs hanosheets, Cr,O3 microspheres, Mn3O4, La;0s,
V,03-C, and C-doped TiO,—were reported with NH3 production rates ranging between 10 and

25 pg/ht-mg ey, 6

There is a growing interest in producing “green” ammonia Vvia gas phase catalytic processes. These
processes use hydrogen produced by water electrolysis via wind or solar power at a considerably smaller
production scale than the Haber-Bosch process, which uses modular process technology.F" Small-scale
ammonia production requires catalyst technology that is more active at lower pressures and temperatures
than the current Fe or Ru catalysts to reduce the process energy demand and hence cost. Most experts agree
that it would be difficult to develop a new catalyst technology that is more efficient than the current
generation of catalysts.®"2 3731 However, recently catalysts were discovered that show promise in decoupling
the barrier for the initial dissociation of the dinitrogen from the bonding energy of the intermediates, leading
to high turnover frequencies at temperatures as low as 150 °C and at lower pressures (<10 atm).¥7
Separative reactors are another approach being pursued to lower the pressure by removing ammonia as it
is produced to overcome the thermodynamic limitations that require high pressure in the Haber-Bosch
process and to eliminate the energy-intensive downstream condensation process for separating ammonia
from nitrogen and hydrogen.7 3761 New membrane or absorbent technologies are required that can be
integrated into the synthesis reactor.

4.2.4 Upgrading of Bio-Oils

Fast pyrolysis and hydrothermal liquefaction are two promising processes for converting biomass to a
bio-oil that can be subsequently upgraded to produce a renewable liquid transportation fuel.
Unfortunately, the bio-oil produced is of poor quality because of the high residual oxygen content (30—
50 wt % for pyrolysis oils and 5-20 wt % for hydrothermal liquefaction oils), which contributes to its low
thermal stability and high corrosivity. Hydrotreating the bio-oil with hydrogen to reduce the residual
oxygen (i.e., hydrodeoxygenation [HDQO]) is one method for improving the quality of the bio-oil. Using
“green” H in the HDO process results in a bio-oil with a low- to near-zero carbon footprint.

Deep deoxygenation is required to reduce the oxygen content to <1 wt %, which is required for use as a
drop-in transportation fuel. Thus, HDO requires a catalyst and is conducted at elevated temperatures that
range from 300 to 450 °C and H; pressures that range up to 20 MPa. Numerous catalysts reported in the
literature include metal oxide and sulfides; noble metals; and metal phosphides, carbides, and nitrides.!""-
3791 Although catalytic HDO was demonstrated to produce a high-quality bio-oil, there are many
challenges, including the high cost and extremely short lifetime of the catalysts, the large amount of H»
required, and severe reaction conditions.

425 HysSteel

Carbon plays three vital roles in steelmaking by serving as a fuel for heating, a reducing agent, and an
alloying agent. Coke is the major carbon source.!®® Globally, steelmaking generates about 1.85 metric
tons of CO, per metric ton of steel produced.8! The US steel industry produces about 80-90 million
metric tons annually, accounting for ~2% of US energy use and ~4% of US CO, emissions.8 With
global demand for steel projected to rise to 2.5 billion metric tons by 2050, it is estimated that annual
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emissions from the global steel industry must decrease to about 500 million metric tons by 2050 for the
world to meet the goal of the 2015 Paris Climate Agreement.[84

Using Hzto reduce iron ore to metallic 1000 - ,
iron is one option for reducing CO- A A 3 /!
emissions in the steel industry.[%83-3%61 The i B A | ]
Baur-Glassner diagram (Figure 29) goo] . Fermowon A=
describes the thermodynamics of iron T ' o
oxide reduction.®! The diagram displays 2 700+ Fe ' S
the stability of different iron oxide phases, § . Fie &
depending on the temperature the gas § ] #°
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oxidizable gas components over the sum a0l
of oxidized and oxidizable gas | g i i 2

. . . )/ Fe0,+4H, (CO)=3Fe +4H,0(CO,) — System Fe-C-O
components). As indicated by this o0
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diagram, reduction using H, should be
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performed at the highest possible
temperature as the stability of iron expands
with increasing temperature. The Kinetics of
H> reduction depend on several factors,
including temperature, pressure, gas
composition, grain size, and iron oxide
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Figure 29. Baur-Gl&ssner diagram for the Fe-O-H:
and Fe-O-C system. Source: Ref. 1384 Reprinted
with permission by Wiley Publishing. Spreitzer, et.
al., Steel Res. Int. Vol 90 (2019). © 2019 The
Authors. Published by Wiley — VCH Verlag GmbH
& Co. KGaA Weinheim.

The two main processes for producing steel are (1) the blast furnace/basic oxygen furnace (BF/BOF)
process, which uses iron ore as a feedstock, and (2) the electric arc furnace (EAF) process, which uses
scrap metal and direct reduced iron (DRI) as feedstock (Figure 30).[383: 385, 381
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Figure 30. Comparison of the blast furnace (BF)/basic oxygen furnace (BOF) and MIDREX direct
reduced iron (DRI) /electric arc furnace (EAF). Source: Ref. 397l Image courtesy of Midrex
Technologies, Inc.

38



Currently, more than 70% of the world’s steel is produced by the BF/BOF process, and this process
accounts for about 70% of the CO, emissions arising from steel production.® However, in the United
States, over 60% of steel is produced via the EAF process. BF/BOFs cannot operate using only H,. Coke
is still required owing to problems with gas permeability in the cohesive zone of the reactor and gas, slag,
and metal drainage in the metallurgical zone. Using Hz will increase the energy demand compared with
the incumbent technology, thus requiring more coke to provide sufficient energy. Injecting synthetic gas
mixtures, similar to coke oven gas, that contain H, and CO with the CO derived from biomass or waste
plastics can reduce the amount of coke required and lead to lower CO, emissions.*% However, this
introduces additional problems, such as periphery gas flow within the BF due to rapid combustion, which
is detrimental to the wall refractory and lining. Increasing the H content leads to an increase in the water
content, which reduces the BF gas calorie content and results in a lower hot-blast temperature. New
process concepts are required that can operate only with H,.[83 384

In the DRI/EAF process, the DRI process uses a mixture of H, and CO to reduce iron ore to metallic
iron.3% Worldwide, about 100 million tons of steel are produced annually by the DRI process.*®! The
higher reactivity of H, allows the reduction to occur at a temperature below the melting temperature of
iron (1535 °C) so that a molten liquid phase does not develop. DRI offers the advantage of lower capital
cost and less complexity in design and operation compared with BFs.**@ The two major DRI processes
are the MIDREX and the HYL/Energiron processes;® 3¢l recently, a DRI process that uses 100% H; (no
CO) was developed called HYBRIT.E% Pure H, reduction reactions have the additional energy demand
of preheating the H, because these reactions are endothermic.

Recently, there has been interest in using Hz plasmas to reduce Fe ores.[?%23%1 The high energy and
density of H radicals and excited states help overcome the reaction’s activation barrier, and they could
realize reduction rates that are one order of magnitude higher than the rates achievable in the BF or DRI
processes. An additional benefit is that H, plasmas can reduce lump or fine Fe, eliminating the need to
pelletize the ore.** The high-energy demand of plasma processing and the development of commercial-
scale reactor technology are major challenges.

In summary, the key challenges facing the use of H; to reduce Fe ores are:

e addressing the increased process energy demand of using H, and determining how to effectively
introduce energy into the process,

e the impacts of material and gas flows within BF and DRI furnaces—due to the lower density of H,—
on the rate of Fe ore reduction,

e material compatibility issues due to the presence of H; at high temperatures, and

e coupling the use of H, with biomass and waste plastics as a renewable carbon source for use in
existing blast furnaces.

Key challenges for H, plasma reduction are the evaluation of heat and mass transfer and kinetics within
the plasma to enable reduced energy demand and the development of scalable reactor designs.

4.2.6 Carbon Products

The TCD of methane for hydrogen production is discussed in detail in Section 2.4.1. As discussed

previously, the TCD of methane produces solid carbon as a valuable by-product. The morphology of the
carbon product is affected by the prevailing decomposition mechanism, which is determined by the
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temperature, pressure, catalyst, and residence time (Figure 31).16 1301 A variety of different carbon
products can be produced—including carbon black, carbon fibers, CNTSs, graphite, graphene, or needle
coke—depending on the reactor design and operating parameters. The production of marketable carbon
products has been one of the driving forces behind the interest in CH4 cracking as a means of offsetting
the high cost of producing Ha; however, the current markets for carbon are limited compared with the H,
market.['16 1238 Current markets for carbon products are considerably smaller than the H. market. New
carbon-based products that target larger markets, such as building materials, must be developed to
increase the size of the carbon markets to match the H, market.

Figure 31. Summary of published data on catalysts,

1300
L B
sl temperature, and carbon products from methane
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products include carbon filaments (CF),tfurbostratic
carbon (TC), graphitic carbon (GC), and amorphous
carbon (AmC). Source: Ref. 130, Reprinted from Int. J.
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5. Summary

There are numerous sources and processes for producing hydrogen that can broadly be categorized as
hydrocarbons or water and catalytic, thermochemical, or electrochemical. Today, the dominant source and
process are hydrocarbon and catalytic, making carbon neutrality challenging. Other processes with
smaller production volumes and in earlier stages of development—but with greater potential for
implementation as carbon-neutral or carbon-free pathways—are electrochemical water splitting and
microbial fermentation of biomass. Although WEs are being deployed at increasing rates, most notably in
hydrogen fueling stations for FCEVs, they face many fundamental challenges to widescale deployment,
primarily in the coupled areas of cost and durability.

Efficient transport and storage of hydrogen is one of the main challenges to a hydrogen-based energy
economy. The challenge arises in part from the low volumetric energy density of hydrogen, which
necessitates very high pressures or cryogenic temperatures to store sufficient amounts for practical
applications. Compressed hydrogen cylinders are the incumbent technology, storing hydrogen at
pressures up to 700 bar for light-duty FCEVs, for example. The storage of hydrogen in materials or in
chemicals is being pursued to address the issues associated with compression, such as parasitic energy
loss and weight, size, and cost of storage containers. The complex nature of the chemical and physical
processes involved in the uptake, storage, and release of hydrogen has slowed the discovery of suitable
hydrogen storage materials. Both small- and large-scale storage face the challenge of embrittlement of the
storage media by hydrogen.

Hydrogen has a myriad of uses that could improve the efficiency of various applications and reduce or
eliminate CO. emissions. These include the direct electrochemical conversion to electricity, power
vehicles and grid-level stationary applications, combustion, and the production of chemicals and
commodities. One of the most impactful applications in terms of reducing CO- emissions is fuel cell
passenger vehicles and heavy-duty vehicles, such as class 8 trucks. Aside from the main issue of the lack
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of a hydrogen distribution infrastructure, the challenges facing the widespread deployment of fuel cells
are cost and durability. Both issues are primarily related to the fuel cell cathode catalyst. The other uses of
hydrogen—including conversion to hydrocarbons, polymer upcycling, and bio-oil upgrading—are at
varying stages of maturity and also face fundamental challenges associated with catalytic processes and
materials.
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