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Hydrogen is an essential fuel and feedstock that can be produced in multiple ways to meet requirements
for technological sectors that include energy storage, transportation, petroleum refining, and ammonia
synthesis. To consider the future state of hydrogen manufacturing, a team of experts has assembled and
examined three emerging hydrogen production technologies — photoelectrochemical, biological, and ther-
mochemical. Each of these emerging technologies holds significant long-term potential for cost reduction
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cost reduction opportunities and performance improvement pathways are under active development. In this
rsc.li/ees work, opportunities and outlook for research that can directly advance the technologies are discussed.
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Hydrogen is both a commodity chemical and a fuel, where it offers an important alternative to carbon-based energy carriers. A variety of technologies can
supply hydrogen at scale today, however advanced pathways - solar photoelectrochemical, biological, and solar thermochemical - are under development as

long-term options that offer low pollution, low cost, and readily deployable alternatives. This article reports the outcomes of a meeting in which the three
pathways were considered together, allowing their current state of the art and major technical opportunities and challenges to be compared. It is clear that
there is no single pathway that is a best solution, rather the three present a suite of options for sustainable hydrogen generation that can be matched to diverse
applications and geographic locations. Through their complementarity, the pathways provide future diversification and resilience to hydrogen production

technologies. By advancing all three in parallel, there are significant opportunities for progress to be made through cross-cutting research and development

that addresses challenges common to all.

1. Introduction

Hydrogen (H,) is recognized as a commodity chemical used as a
feedstock in petroleum refining, as well as in the production of
widely used chemicals like ammonia and methanol. Its
potential use as a long-duration energy storage medium and
a dispatchable energy carrier are also well documented,"* due
to the availability of wide-ranging conversion technologies that
can either produce or utilize it for heat and/or electricity. A case
for expanding the use of H, into non-traditional sectors like
metal ore refining, synthetic fuel production for aviation, and
transportation is the foundational vision of the United States
(U.S.) Department of Energy’s (DOE) H2@Scale framework
(shown schematically in Fig. 1), where its ‘“consumption
potential” in the U.S. could exceed 100 Mtonne year ' in the
absence of economic factors - effectively increasing H,’s mar-
ket utilization 10 fold above 2015 levels while reducing indus-
trial emissions.?

The current landscape for H, production predominantly
relies on thermochemical processing of natural gas and coal,
with steam methane reforming accounting for approximately
62% of this production globally in 2023* and the remaining
balance up to 95% of global H, production derived from coal.
And while finite fossil reserves are adequate to meet foreseeable
demand, it is unclear how H, production capacity and chemical
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Fig.1 Schematic of the H2@Scale hydrogen energy-centric ecosystem
highlighting the production and utilization of H, as a primary energy carrier
(see ref. 2).
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supply chains that are deeply integrated with petroleum refin-
ing and ammonia manufacture in the U.S. will adapt to a
significant increase in demand from non-traditional end use.
Critically missing is the necessary infrastructure required to
transport H, to far-away end points for utilization. To realize
H2@Scale, a diverse and flexible energy generation portfolio as
feedstocks for hydrogen generation is needed. Such a portfolio
will improve energy security and access to affordable energy
across various regions within the U.S. Production costs from
these various domestic resources need to be <$2 kg~" H, in
order to stimulate the demand envisioned by H2@Scale.?

Currently water electrolysis powered by grid-electricity is the
leading alternative to traditional methane- and coal-based
hydrogen production routes. Electrolysis is commercial or near
commercial depending on technology type, be it a low- or high-
temperature processing platform, and will be important to the
near-term realization of H2@Scale even though costs at this
time are greater than $6 kg~ ' H,.> However, future gigawatt-
scale electrolyzer facilities powered by renewable electricity will
require a significant expansion of renewable electricity genera-
tion and transmission infrastructure, as well as affordable
energy storage technology, to achieve the high capacity factors
and availability of low cost electricity needed to realize a
<$2 kg~ ! H, price target. Concurrently, as the world continues
to prioritize electrification of transportation and heating
deemed necessary to achieve global emission reduction targets,
the historically limited pace of renewable electricity deploy-
ments are better utilized powering these direct end-use needs
as opposed to synthesizing fuels. In other words, the time
required to achieve emission reduction targets is significantly
shortened when direct end-use needs for electrification take
precedence over fuel (i.e., H,) generation.® Furthermore, due to
the complexity of manufacturing electrolyzer devices and sup-
port systems, this commercial enterprise may never achieve the
10’s — 100’s of MW scaled stack-sized facilities required to
realize cost reductions necessary to reach <$2 kg™' H, even
if electricity prices drop below $0.03 kWh~".” Therefore, as part
of a longer-term vision, we consider advanced pathways for H,
production that require little or no electricity input and also
leverage the nation’s diverse renewable resources and feed-
stocks. The two most promising renewable domestic resources
capable of meeting future H2@Scale hydrogen demand are
solar® and biomass.®

This journal is © The Royal Society of Chemistry 2026
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1.1. Advanced hydrogen producing pathways

DOE’s hydrogen production subprogram is actively developing
three advanced pathways for renewable hydrogen production,
each at relatively early stages of development but with signifi-
cant potential for regional deployment as they mature. These
pathways are Photoelectrochemical (PEC), Biological Hydrogen
(BioH,), and Thermochemical Hydrogen (TCH) - shown sche-
matically in Fig. 2.

PEC hydrogen pathway. A low to moderate temperature
process that bypasses the need for electricity by directly utiliz-
ing sunlight to split water into hydrogen and oxygen. This
process relies on semiconductor photoelectrodes and/or
particle-based photocatalysts to harvest light, separate charges,
and promote water splitting.

Biological hydrogen pathway. A recent focus is on production
of hydrogen by microorganisms from water and direct fermenta-
tion of biomass or organic waste streams, which is integrated
with microbial electrolysis cells where microbial breakdown and
oxidation of organic matter produces an electrical current to
generate hydrogen with the application of a small voltage.

TCH hydrogen pathway. A moderate to high temperature
process that can utilize renewable thermal energy sources to
drive closed reaction cycles that net water splitting. Reaction
networks can be simple two-step metal oxide cycles shown in
Fig. 2,> or more complex schemes that involve the oxidation and
reduction of multiple chemical species within the closed cycle.

1.2. Technology performance barriers and challenges

Overall, these advanced pathways represent promising long-term
options, with continued research, development and demonstra-
tion (RD&D) required to address technical challenges and enable
their transition from lab-scale demonstrations to commercial-
scale deployment that meets H2@Scale goals. Improvements for
all technologies are needed in cost, durability, efficiency, sustain-
ability, manufacturing, and safety. These barriers and overcom-
ing associated challenges will be a focal point of discussion in
this perspective.

1.3. Technical experts meeting

In April of 2024, a Technical Experts Meeting (TEM) brought
together 34 participants from academia, industry, and national
research institutes from around the world. These individuals
are recognized as global leaders in their respective fields,
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Fig. 2 Schematic of three advanced pathways. (a) photoelectrochemical
(PEC); (b) biological (BioH,); (c) thermochemical (TCH) Adapted with
permission from the Electrochemical Society, ref. 9, Copyright 2021.
Technology details are given in the text.
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dedicated to advancing RD&D of these pathways for renewable
and sustainable hydrogen production. This group was charged
with assessing the current status of the aforementioned emer-
ging H, production technologies, identifying RD&D gaps, and
exploring the scientific and technical challenges that may
impede their implementation. The TEM also identified oppor-
tunities for the research community to address - both funda-
mental science and engineering challenges - crucial to achieve
the H2@Scale vision before mid-century. Participants were
given questions in advance to stimulate discussion, and this
manuscript is formatted to reproduce the structure and tone of
the meeting, as well as capture collective thoughts and major
outcomes.

2. Photoelectrochemical hydrogen
pathway

Examination of the status of the PEC advanced pathway centers
on short- and long-term technology options, as well as on the
scientific and engineering challenges that must be solved. The
findings are summarized in this section. A variety of individual
device and system architectures for PEC H, have been
described in the literature, falling into one of three main types:
wired photovoltaic-driven electrolyzers (PV-E), integrated
photoelectrochemical systems (IPEC) which are assembled as
a monolith with or without connecting wires and operate with
either unconcentrated or concentrated sunlight, and photoca-
talytic particle systems (PCP) contained in panel or baggie
structures.'®"® Fig. 3 shows example designs of several main
types as well as solar concentrators that they can be used
with.'*'”'® The PV-E and IPEC systems can be operated either
fully immersed in aqueous electrolyte or be vapor-fed using a
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Fig. 3 Types of photoelectrochemical water splitting devices or systems
that do not co-generate O, and Hy, so are intrinsically safe. (a) integrated
PEC systems with liquid electrolyte (left) and gas diffusion electrodes in a
PV-E configuration (right), adapted with permission from ref. 17, copyright
2024, The Authors; (b) solar concentrators for PEC systems, adapted with
permission from ref. 18, copyright 2024, The Authors; (c) photocatalytic
particle system with redox mediator connecting the vessels, Adapted from
ref. 14, with permission from the Royal Society of Chemistry.
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gas diffusion electrode (GDE). PCP systems are typically oper-
ated in liquid-phase aqueous electrolyte.

2.1. Current state of the art

2.1.1. Target metrics for PEC systems. Meeting the goal of
<$2 kg~ H, will require the advancement of PEC water
splitting devices towards the metrics shown in Table 1. Life-
cycle assessments for at-scale installations of IPEC systems'®>°
have identified performance lifetimes of ~ 10 years with at most
a loss of 80% of the original solar-to-hydrogen (STH)*' conver-
sion efficiency where a minimum STH of 10% is a requirement
for positive energy return on energy invested for the lifespan of a
full GW-scale facility using Si photocathodes coupled to WO,
photoanodes.>® Demonstration of pilot-scale systems (in the
range of kW output power, or ~0.03 kg H, hour ')** that meet
these targets and are constructed using inexpensive tandem
photoabsorbers e.g. a cost of manufacture of $30 m~> for all-
lead halide perovskite tandems vs. $18000 m > for III-V
tandems®® and highly active, robust water oxidation catalysts
(<300 mV overpotential at 10 mA cm ™ *)** are needed to assess
best-in-class designs. It is also essential that system designs
ensure remanufacture and recyclability with minimal unwanted
gas emissions and ecotoxicity over the system lifecycle.'® The
diversity of configurations shown in Fig. 3 brings with it many
combinations of STH efficiency/lifetime/capital expenditure
(CAPEX) that can allow for a final cost of <$2 kg™ ' H,. For
example, an analysis has shown that this cost can be met for STH
efficiencies >7% and lifetimes of 1-4 years for particle systems
having particle costs between $105-1200 kg~ '. To reach this
same cost target of <$2 kg™" H,, an integrated PEC system using
concentrated sunlight will require an STH of >40% and will
have significant trade-offs between materials costs, lifetime, and
concentration ratio.”> A number of technoeconomic analyses
(TEA) have been reported comparing PV-E systems to IPEC
systems using diverse initial assumptions.’>'”"**° PV-E is
currently closest to the final cost target at $4-6 kg~ H,, while
fully integrated PEC without solar concentration is about
$9-10 kg™ " H,.

2.1.2. Today’s benchmark system(s). Table 1 provides data
on the current best performance metrics of IPEC and PCP
technologies relative to the target metrics. While much of the
literature focuses on photoelectrode (half-cell) improvements
under continuous solar simulator illumination, there are

1
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important investigations of devices*** and full systems oper-
ating under natural diurnal conditions.>*** A significant char-
acteristic of each type of benchmark system is that they can be
designed to operate at any scale with diverse applications
ranging from standalone small- to large-scale installations
serving large scale industrial end users or a hydrogen pipeline
network.

Wired PV-E systems are the most mature type of PEC technol-
ogy, and are most often based on Si PV cells.>>*® These systems
are not electrolyzers driven by solar panels, rather they use
photocurrents generated directly by a photovoltaic element, often
multijunction to improve photovoltage.*” The most commonly
explored electrolyzer designs for PV-E are polymer electrolyte
membrane (PEM) electrolyzers based on membrane-electrode
assemblies (MEASs) or alkaline electrolyzers. These are similar to
conventional alkaline electrolyzers, for which the anode and
cathode are fully immersed in an aqueous electrolyte and sepa-
rated by a suitable ion exchange membrane or diaphragm
divider. The highest performing PV-E system reported to date
used high-efficiency III-V triplejunction solar cells operating
with concentrated solar light (x42) wired to two series-
connected polymer electrolyte membrane (PEM) electrolyzers
using Pt and Ir catalysts to achieve high STH efficiency.>” The
light absorbers are electrochemically and thermally decoupled
from electrolytes during water splitting. The 30% STH efficiency
reported in that work is consistent with low cost target for H,, and
the operational stability shows a pathway to long-term on-sun
diurnal operation. An assessment of whether this design could
meet cost targets would be valuable. This system’s efficiency
outperforms others due to the coupling of the PV with two in-
series electrolyzers that operate at low current density. The best
performing PV-E system with Si-based solar cells achieves an
initial STH efficiency of over 15%>° and this would push the STH
to over 30% if connected with two in-series ECs instead of one.?”
It should be noted that the 15% system is vapor-fed, simplifying
the system and making it more cost-competitive.'” Overall, the
development of these systems as an advanced pathway solution
will track improvements in electrolyzer technology®*® and PV
technology.*®

IPEC systems combine light absorption, charge separation,
and electrochemical reactions in a single, integrated device to
convert solar energy into chemical energy stored in H, and O,
molecules. The light absorbers directly provide holes and

Table 1 Comparison of target metrics and state of the art metrics for full PEC systems

PEC (all configurations)

Photocatalytic particle

Parameter Units State of the art Ultimate targets State of the art Ultimate targets
STH efficiency % 5.5 (concentrated sunlight)® 25 1 10
H, production kg day " 0.08" 10° 0.7° 10°
Degradation % change in current <5¢ 2.5 20° 2.5

per 1000 hours
Useful lifetime? years 0.3¢ 10 1300 hours 5
Cost $ kg 'H, 4-9° <2 12 <2
“ Ref. 22 system footprint 38.5 m?, light collection area 142.4 cm?, electrochemical area 50 cm?.  Ref. 33 total panel area 100 m. ° Ref. 34.  Ref.
20. ° Ref. 17.
2510 | Energy Environ. Sci., 2026, 19, 2507-2535 This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee04503g

Open Access Article. Published on 10 April 2026. Downloaded on 12/06/2026 10:11:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

electrons with the potentials required for water oxidation and
H, evolution, respectively.'>*° In all cases an electrical junction
is required to direct photogenerated holes toward the anodic
interface and photogenerated electrons to the cathodic inter-
face. This junction was originally conceived to be at the
semiconductor-electrolyte interface;*" however semiconductor
photocorrosion led to integrated systems constructed using
buried junctions and protection layers to separate the electro-
lyte from materials susceptible to such reactions.*” As in the
PV-E case, numerous types of GDE-type and fully aqueous
systems have been reported. The component integration some-
times requires explicit electrical wiring. The PV-integrated
Membrane (PIM) assembly is another scheme for realizing
fully-integrated, PEC devices. In this case, multi-junction PV
cells are embedded in a Nafion membrane,*® with the mem-
branes, catalysts, and PV cells integrated through direct ohmic
contacts, resulting in a wireless, monolithic PEC assembly
operating with vapor-fed water.**

Particle-based photocatalysts in aqueous electrolyte, usually
in a colloidal suspension or immobilized on a panel in the form
of a so-called “photocatalytic sheet” supported by a conducting
substrate, offer the possibility of low-cost manufacture and
assembly of scalable PEC reactors.*>*>™*” The particles perform
light absorption, charge separation, charge trapping or accu-
mulation, and catalysis (often in conjunction with an inorganic
co-catalyst). Compared to a colloidal suspension, the photo-
catalytic sheet system is dense and facilitates multiscale trans-
port of charge carriers and molecular species through the
semiconductor/cocatalyst/liquid interface.

Unlike the PV-E and IPEC systems, where photogenerated
charge-induced reactions are separated by micrometers to
millimeters, the reduction and oxidation sites on particles are
in nanoscale proximity and cannot easily be separated by
membranes as in the other architectures. Specifically, if the
photocatalysts are operated in a single chamber, they coevolve
H, and O, which presents significant safety hazards.*® How-
ever, redox-mediated water splitting, commonly referred to as
“Z-scheme water splitting”, can allow for intrinsically safe
operation by coupling separated chambers containing two
different types of photocatalysts (Fig. 3(c))."* In this scheme,
H,-evolving photocatalysts produce H, in one chamber while
selectively oxidizing a redox shuttle. The oxidized shuttle
diffuses to the second chamber where it is selectively reduced
when the O,-evolving catalysts produce O,. An example of a
shuttle are the I" and I0; mediators. The solar spectrum is
split between the H,-evolving and O,-evolving photo-reactions
if the chambers are placed on top of each other. For example,
0,-evolving photocatalysts absorb the solar light unused by the
H,-evolving photocatalysts. The top STH efficiencies for suspen-
sions without a mediator are 0.65%, while the photocatalyst
sheets® have achieved just above 1% STH efficiency with BiVO,
and SrTiO;:Rh photocatalysts.'*

2.1.3. Cross-comparison considerations for system-level
metrics. These benchmark systems have different time hori-
zons due to their level of maturity. PV-E is the most straightfor-
ward to deploy in the short term because it combines

This journal is © The Royal Society of Chemistry 2026
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established technologies that have already demonstrated high
efficiency at large scale. In the long term, all three can be
operated as standalone systems using sunlight as the sole
source of energy, and further development is needed to evalu-
ate which one will ultimately be the most successful. While
these architectures are significantly different from each other,
their performance can be compared in terms of STH efficiency,
H, production rate, and degradation rates. Economic metrics to
compare these systems include levelized cost of H, (LCOH,),
CAPEX or operating expenses (OPEX). TEA have examined these
cost factors across system types, revealing that significant
improvements are needed to make solar-driven technologies
comparable to or less expensive than electrolyzers as
discussed below.

Sustainability metrics to compare these systems include
energy returned on energy invested (EREOI), greenhouse gas
emissions and ecotoxicity.'®>*° Although there are fewer stu-
dies, EREOI for PV-E and IPEC installations is likely to be
positive.’*%>! Social metrics to compare these systems include
the potential to create jobs and the acceptance level of the
technology itself. The importance of these has been
recognized,'® and they will be a focus as the technologies and
their applications develop. Their scalability or manufacturabil-
ity are equally important.’®** Notably, investments in these
benchmark systems for H, production are a gateway to other
solar-driven energy conversion chemistries, including light-
driven CO, reduction,”>* N, or nitrate reduction,®>° and
H,O0, synthesis.””

2.2. What does success look like for PEC technology?

Success for PEC technology hinges on achieving advances in
scalability, systems engineering, large-scale deployment, and
meeting ambitious performance targets related to efficiency
and stability (Table 1). Additional environmental metrics such
as carbon footprint, H, leakage rates, and water usage should
also be tracked during scaling from prototype demonstrations
to deployed pilots and commercial plants in order to optimize
them. These elements collectively define the trajectory of PEC
from its current low technology readiness level (TRL) to com-
mercial hydrogen generation plants that are capable of addres-
sing global hydrogen demands in a safe, cost-effective, and
sustainable way. What exactly will success look like? While
different types of PEC technology may be very different in
appearance (Fig. 3), successful deployment of any of these
technologies is very likely to have much in common (Fig. 4),
resting on key performance indicators such as applied bias
photon-to-current efficiency (ABPE), defined in ref. 21, eqn (9),
lifetime?® and apparent QY for photocatalytic systems, defined
in ref. 58, eqn (5).

2.2.1. Scalable PEC reactor designs. A critical measure of
success for any energy conversion technology is that it be
deployed at production scales that allow it to achieve signifi-
cant market share, and therefore impact. Achieving PEC deploy-
ment at large scales is also crucial for realizing economies of
scale that will be necessary to drive down the LCOH, produc-
tion, as has been the case for related technologies such as PEM

Energy Environ. Sci., 2026, 19, 2507-2535 | 2511
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Pilot scale

Commercial Scale

Components Single photoelectrode Complete reactor without
or particle type external bias

Technology readiness 1-2 0E

level (TRL)

H, production rate 0.1-10 mg/hr 0.01-100 g/day

Key performance ABPE, QY, STH efficiency,

indicators (KP1) lifetime lifetime, purity

Fully integrated system
including nearly all auxiliary
unit operations

7-8

1-1,000 kg/day

System STH efficiency,
lifetime, purity

Full-scale system with all
functionalities producing H,
for customers

0.1-500 ton/day

System STH efficiency,
lifetime, purity, capacity

factor

Fig. 4 Progression of PEC technology from materials development at benchmarking scale to commercial applications.

electrolyzers, fuel cells, and batteries.>® Recognizing this, it is
necessary to develop scalable PEC reactor and system designs
that can be translated from small laboratory-scale prototypes
(0.5 mg h™") to commercial scale plants (5-10 tonnes day ')
that maintain or exceed the level of performance achieved at
small scales. The World Energy Outlook 2024 ‘“‘Stated Policies”
case published by the International Energy Agency®® projects a
deployed capacity of 49 Mtonne year ' of low-emissions
hydrogen production by 2030. Successful deployment of six
10 Mtonne year " photocatalytic hydrogen production plants
could capture 1.5% of the low-emissions H, market. As pre-
viously described,'® scale-up in fuel production by PEC tech-
nologies can be achieved through one or more different
approaches, including (1) increasing the size of individual
reactor units, (2) increasing the number of modular reactor
units, and/or (3) using optical concentration to increase the
effective light harvesting area per module. In all cases, scaling
must account for technical challenges such as multi-phase flow
dynamics, thermal expansion and contraction uniformity,
ohmic losses, and the ease with which the design can be
manufactured and installed. To date, notable PEC demonstra-
tions at scale have included a 100 m> demonstration based on
photocatalytic sheet panels®* and a ~2 kW concentrator PEC
system.>”

2.2.2. Optimized PEC systems. Although the majority of
PEC-related RD&D activities focus on materials development
and/or the design of PEC ‘“devices” or reactors, it is important
to recognize that the PEC reactor will only be one part of a
system in which it must seamlessly integrate with auxiliary unit
operations like pumps, compressors, deoxygenators, dryers,
water purifiers, piping networks, trackers, sensors, storage
tanks, and more."”®® Recognizing this, pilot plants that
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integrate the reactor with auxiliary units to form a system are
pivotal in their roles of (1) derisking the technology and (2)
bridging the gap between lab-scale reactor prototypes to com-
mercial scale plants. Successful pilot plants will require inte-
grated process control, ramp-up and ramp-down procedures,
and the ability to produce hydrogen at purities and pressures
suitable for downstream applications. Conversion losses asso-
ciated with auxiliary units such as pumps and compressors
must be considered when determining the systems-level STH
efficiency. Durability tests within a pilot system are also an
important step in the de-risking process, and must account for
the fact that interactions between units can lead to perturba-
tions in operating conditions that could result in component
failure in cases where degradation would not have been an
issue during well-controlled lab testing at the prototype stage.
Ideally, a pilot-scale demonstration would achieve a target
operational lifetime of 1000-10 000 hours.

2.2.3. Deployment in operational environment. Large-scale
deployment would involve systems operating at gigawatt levels
and enabling hydrogen production for diverse applications
ranging from the manufacture of commodity chemicals like
ammonia and methanol to grid-scale energy storage and off-
grid mining operations in remote areas. While pilot demon-
strations with access to the electrical grid may be useful for
initial systems optimization and derisking efforts, it can be
anticipated that off-grid deployment of PEC systems that can be
available to a broad array of hard-to-serve regions needing H,
but do not have reliable electricity or bypass additional regula-
tions and constraints related to making and maintaining grid
connections will lead to new markets and provide additional
avenues for technology innovations. However, off-grid opera-
tion will also bring new challenges. For example, achieving

This journal is © The Royal Society of Chemistry 2026
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efficient and safe gas separation, handling, and storage under
dynamic operational conditions (e.g., diurnal cycles) may
require advanced process control and/or careful design of
back-up energy storage (i.e. batteries and PV panels). Another
consideration is environmental factors that can be highly
specific to a location of interest,’" including but not limited
to dealing with the mix of direct and indirect insolation,
freezing conditions, extreme heat, source water purity, dust
deposits, etc. Water quality requirements for PEC H, generation
have not been deeply evaluated so far, however there are
benefits to combining hydrogen production with water purifi-
cation processes such as seawater desalination.®* Efficiency,
product purity and durability challenges are posed by chloride
anions and metal cations when seawater is used as a feedstock
and need to be mitigated, It is worth noting that even when the
water feedstock is ultrapure, the salts added to support current
flow and metals from corroding electrodes produce a non-ideal
environment.®®

2.2.4. Broader impact. Beyond technical success, PEC tech-
nology must deliver social, environmental, and economic ben-
efits. Its modular, mobile, and grid-independent nature
supports rapid deployment, especially in underserved or
remote areas where the grid is unavailable. PEC systems also
present opportunities for environmental remediation, includ-
ing clean water generation and CO, capture. Furthermore, the
development of PEC technology can drive workforce diversifica-
tion, create jobs, and promote energy democratization through
decentralized hydrogen production systems. However, addres-
sing environmental impacts, such as the considerable amount of
land use required when using unconcentrated sunlight to excite
photoabsorbers that are inherently Schockley-Queisser limited
(<30% STH efficiency), water use, and material sustainability,
remains critical to ensuring long-term viability and public accep-
tance. Towards this end, it is essential that government agencies
and companies encourage additional studies in the area of life
cycle assessment (LCA) of PEC technologies, which have been
very limited to date.'**°

2.3. Targets, barriers, and opportunities

2.3.1. Targets. As indicated in Table 1, reducing the cost of
H, to <$2 kg ' requires significant advancements relative to
the current state of the art. The state of PV-E development
makes it likely that these types of devices will be the first to
achieve the cost target. By comparison, the state-of-the-art in
IPEC and particle devices and the challenges identified point to
a longer time requirement.

2.3.2. Barriers. Meeting target metrics for all PEC technol-
ogies will require significant improvements in efficiency and
useful lifetime using high performance but low-cost materials.
A common challenge to all systems is the solar spectrum which
spans infrared to ultraviolet wavelengths and can only be
partially absorbed by semiconductors. Because of the magni-
tude of the photovoltages and currents required to drive the
chemical reactions involved in hydrogen production at a useful
rate, high performance photoabsorbers require both a balance
of absorptivity of higher energy photons and sufficient mobility
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of the charge carriers formed by photoexcitation.'” Barriers to
progress originate from insufficient understanding of the fac-
tors that affect efficiency and lifetime, particularly for low-cost
membranes, catalysts and light absorbers, a lack of good
synthetic methods for high volume materials manufacturing,
and limited experience with deployment of large-scale reactor
and system designs that are intrinsically safe. Efficiency and
lifetime improvements for PV-E systems will track progress in
low temperature electrolyzer technologies.

Because of their operating environment, the most significant
stability challenges in IPEC systems®* are typically associated
with semiconductor corrosion® and catalyst stability.°>®” How-
ever, other instabilities may also be present, including mechan-
ical damage from bubbles (cavitation),’®®® thermal expansion,
and membrane degradation in use.”””! Meeting the economic
target of low-cost H, with current materials sets will require
either developing (photo)electrochemical materials systems
where high activity is achieved using low loadings of expensive
catalysts based on noble metals (Pt, Ir, Ru) or inexpensive,”* less
active abundant ones (Fe, Co, Ni) at higher loadings, all on Si or
other inexpensive visible light-absorbing PV materials such as
oxide-based semiconductors or lead-halide perovskites. Regard-
less of the semiconductors used, a decrease in the overpotentials
required by these catalysts is necessary to improve efficiency.
Additionally, perovskite PV materials appear to be only practical
for PV-E applications where the semiconductor material can be
put in a rigorously controlled environment, for example sepa-
rated from an aqueous environment. A transition to polyelec-
trolyte membranes that are rigorously stable in use and not
perfluoro hydrocarbon-based is also important.”® Accelerated
timelines for realizing these improvements are key: they will be
a major factor shaping IPEC technology adoption.

While demonstration projects have provided convincing
arguments for particle systems, the relatively low efficiency
and TRL of intrinsically safe (i.e. separated H, and O, produc-
tion) PCP systems compared to the PV-E devices may pose a
challenge for penetration into the clean hydrogen markets. A
specific challenge that limits many PCP systems from achieving
high efficiency is controlling redox selectivity in a way that
promotes the desired water splitting or Z-scheme reactions
while minimizing undesired back reactions that reduce STH
efficiency.'*”*

2.3.3. Opportunities. As the technology matures, the
research community has the opportunity to address both
fundamental science and engineering challenges of PEC sys-
tems. These challenges involve performance as well as those
posed by scaleup of systems designs and fabrication methods
required for cost-effective mass manufacturing of PEC compo-
nents and devices as listed in Table 2. Each type of PEC system
presents different opportunities. To illustrate this point we
consider nearer term PV-E systems, and longer-term but per-
haps cost-advantaged particle-based systems, and compare
them to IPEC systems.

PV-E systems are capable of operating at high efficiencies
and with lifetimes currently unmatched by IPEC systems or PCP
systems. However, progress is still needed to demonstrate
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Table 2 Improvements for PEC hydrogen pathways

R&D Opportunities

PV-E and PEC designs Testing of prototype scale demonstrators
H, collection and transportation systems
Use of waste heat to improve systems

Photocatalytic particle High efficiency with full separation of O,

designs and H,
All systems: catalysis and Efficiency of the oxygen evolution reaction
photocatalysis

All systems: durability
All systems: low cost
manufacturing

Degradation-resistant materials
Fabrication of high performance reactors
using low cost materials and processes

scalable manufacturing, efficiency, and stability. Module
demonstrations need to take place at a physical scale that can
address balance of systems (BOS) integration in a realistic way
(gas/liquid transport and separation, packaging, material uni-
formity) so that BOS infrastructure engineering can maximize
STH efficiencies. These demonstrations should be on the order
of 10-100 m? of active panel area to test the viability and actual
costs of system designs. Based on designs from the PV industry,
the panels are most likely to be modular, constructed from cells
of about 100-1000 cm? tiled within the water and product gas
handling infrastructure.

Particle systems have been shown to be attractive from high
level technoeconomic studies."* While concepts for the intrin-
sically safe designs'* have been explored®’ they have yet to be
realized in fully scaled systems. InGaP nanowires have achieved
9% STH efficiency for 74 hours with subsequent performance
loss attributed to catalyst dissolution.”® Al-doped SrTiO; photo-
catalyst particles, on the other hand, were determined to be
stable for 1300 h with an STH of 0.3%.>* Demonstrating
systems with STH efficiencies greater than 2% with stability
in the range of 1000’s of hours and full H, and O, separation
within the reactor would be an advancement in the field.
Materials and design improvements and understanding how
durability and corrosion impact particle-based systems are all
possible areas of development.

Beyond these PV-E and particle-based systems considera-
tions, breakthroughs in catalysis and photocatalysis are also
needed for all technologies. In particular, improving the activity
of oxygen evolution catalysts using novel, stable materials and
enhanced charge separation of photogenerated charge carriers
will have a large impact on performance. Transition metal
oxides offer an avenue to bandgap engineering via metal or N
doping for high performance multijunction photoelectrodes
and particle-based technologies as well as providing a platform
that is more stable to photocorrosion than Si and III-V
semiconductors.”® The efficiency of photocatalytic oxygen evo-
lution reaction can be enhanced using a built-in electric field
present in semiconductor-based heterojunctions to direct flow
of electrons away from the active surface and holes toward it.”’
Additionally, oxides can have reduced overpotential for water
oxidation such as found for TiNO films, where the overpotential
is as low as 290 mV at 10 mA cm ™2, the current density typical
of light-driven water oxidation systems.”® A scalable production
of this material will require roll-to-roll or rapid sputter
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deposition, presenting additional materials synthesis innova-
tion opportunities that may be useful for manufacturing other
oxides. While water oxidation is currently the central chemistry
for large scale H, production, pursuing other photooxidation
chemistries such as glycerol oxidation which operate at a lower
overpotential may offer a better path toward efficiency although
the achievable scale may be limited.”*® Improvements are also
needed in understanding carrier collection/accumulation, and
charge transfer phenomena (including photocorrosion) in par-
ticle systems, especially at low light flux/low current densities
relevant to these systems.

Unlike PV-E devices, which have physically separated light
absorbers and electrolyzers, IPEC and PCP devices share oppor-
tunities for using thermal management to improve device
performance.'®%"%? Electrolytes may serve as heat sinks, by
both thermal energy transfer from the illuminated photoabsor-
ber and directly absorbing low energy photons. The resulting
electrolyte temperature increase can be used to increase the
catalyst turnover frequency, particularly for catalytic water
oxidation where the intrinsic kinetic barriers are often rate
limiting.®* Operation at elevated temperature has also been
shown to be advantageous for PCP systems.”>** Recent work on
faceted N-doped TiO, photocatalyst particles®® reported STH
efficiencies up to 20% and overall efficiencies up to ~16% for
operation in electrolyte-containing solutions at elevated tem-
perature (150-270 °C) and pressure. Such possibilities for
exploiting kinetic and thermodynamic advantages of operating
at elevated temperature will become increasingly salient as
work on solar-concentrated hydrogen evolution and water
oxidation advances.

Advances in scientific understanding will directly inform
progress in engineering. Recent TEA studies have examined in
detail the costs associated with manufacturing H, using PEC
systems and point the way to removing economic barriers.'”%%°
The studies have considered full plants at the 610 tonne day *
(ref. 28) and 1 tonne day ' (ref. 17) levels, and have reached
comparable conclusions on cost drivers. These are the cost of the
modules, including the materials in the PEC reactor, their size,
and their lifetime (replacement frequency). A comprehensive
TEA® prepared for this report for panel and particle-based
systems is presented in Fig. 5, putting the module cost in context
with land and operating costs. Land requirements are propor-
tional to module efficiency, so will be reduced as efficiency is
improved.

To measure progress toward meeting target metrics, it is
essential to develop best practices and protocols for testing and
benchmarking the efficiency and reliability of PEC systems.>>%¢%°
To be relevant to meeting the <$2 kg ' goals, initial tests
should target accelerated and “real world”’ operational tests to
demonstrate performance in the range of 1000 hours initially,
and building up to multi-year operation. This includes under-
standing at a fundamental level any changes during day/night
cycles and seasonal variations in insolation and environmen-
tal conditions. These new practices will support certification
to enable robust comparison of H, production across
technologies.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 TEA data for two types of plants, panel-based (top) and particle-
based (bottom). The trends illustrate the impacts of scaling and technology
improvements, with targets as listed in Table 1. It is evident that decreases
in land and capital costs are connected to increases in system efficiency.

3. Biological hydrogen pathway

Biohydrogen (BioH,) is H, produced from water molecules via
microbially catalyzed, light-driven reactions®’ > (also known as
solar H,) as well as from biogenic materials (e.g., plant biomass,
lignocellulose, wastewater, farm/animal waste, etc.) through
fermentative catabolism without light input. Conversion of these
starting feedstocks can be achieved through biological,”®
thermochemical,"**'%! bio-electrochemical,**>** or hybrid tech-
nologies (SI Fig. $1).'%*7'% This emerging definition of BioH,
encompasses a broader scope of conversion methods and con-
trasts with earlier literature which limited the term BioH, to H,
produced biologically by microorganisms.*®”'%

3.1. Current state of the art

H, production through microbial dark fermentation (DF) of
lignocellulosic biomass emerged as one compelling biological
approach owing to fast microbial growth rate and H, produc-
tivities. Hybrid systems integrating biological, thermochemical,
and electrochemical mechanisms to produce H, are also con-
sidered. Microbial electrolysis cells (MEC) are a hybrid technol-
ogy that couples the oxidation of organic matter in liquid
wastes with electrochemical H, generation, enabling gas pro-
duction while removing organic contaminants from domestic
and industrial wastewaters.'®'* H, can also be produced
from reforming biogas generated from anaerobic digestion
(AD) of heterogeneous, organic wastes.'’® Compared with PEC
and TCH pathways, H, production via dark fermentation, MEC
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and AD are independent of solar energy but rely on organic
materials as the feedstock. BioH, is produced as organic waste
streams are remediated, which represents a unique benefit of
this technology. Compared to abiotic approaches which may
require high purity feedstock, complex and variable media/feed
streams can be utilized by leveraging the selectivity of biological
reactions therefore minimizing costs.

Several microbial BioH, production pathways have been
intensely studied historically, including biophotolysis, photo-
fermentation (PF), and dark fermentation (DF).'%°'® However,
the focus of the discussions was on dark-fermentation inte-
grated with microbial electrolysis cell as dark fermentation
generally due to the relatively fast hydrogen production rates
compared with biophotolysis and photo-fermentation.

3.1.1. Today’s benchmark systems. One system that con-
tends to reaching economic feasibility integrates DF with MEC
(Fig. 6), and such coupling of DF and MEC is designed to
increase H, recovery toward the theoretical maximum amount
of H, per sugar (i.e., glucose) that constitutes biomass. Fer-
mentation occurs in the dark and is therefore not affected by
the intermittency of sunlight. Fermenting microbes are robust
catalysts with key hydrogenase metalloenzymes catalyzing H,
production without using expensive precious metals. Microbes
can utilize diverse feedstock including organics in waste
streams as well as the abundant and renewable lignocellulosic
biomass afforded by cellulose- and hemicellulose-degrading
microbes.™* While acetate is the most common fermentation
byproduct of DF, fermentation also produces a variety of other
organic acids and alcohols, including lactate, butyrate, and
ethanol, among others."’>''® When integrating DF with MEC,
most of these fermentation byproducts can be completely
oxidized to CO, in the MEC, generating additional H,. This
process results in higher H, molar yields (mol H, mol "
substrate) while producing an effluent with reduced organic
matter concentration. A combined H, molar yield (per mole of

Organic Wastes

Corn Stover,
o __seb -

.

acetate
ethanol
lactate
formate
proteins, etc

] Y
1

R (eh)
1 xylose

Dark termentation Microbial Electrolysis Cell

| Wastewater

Fig. 6 Overall scheme of dark fermentation (DF) integrated with microbial
electrolysis cell (MEC). Lignocellulosic biomass can be hydrolyzed (solu-
bilized) and the sugars embedded in the biomass are utilized for hydrogen
production during DF. The fermentation wastewater containing residual
organic acids as well as other aqueous waste streams can be fed to the
MEC for additional hydrogen production. The CO, produced during
hydrogen generation originates from the atmospheric CO, fixed into the
biomass. H, and CO, are two main gaseous products that can be
separated via pressure swing adsorption.
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the sugar that makes up the biomass) of ~10 has been demon-
strated from cellobiose fermentation in an integrated DF-MEC
system,'® compared to only 4 from DF alone, showcasing its
immense potential and warranting further investigation.

3.1.2. Cost drivers. High H, yield, productivity as well as the
durability of each component within the DF-MEC system must
be achieved with low capital and operating expenses. The key
cost drivers for BioH, production using this integrated approach
are the capital costs associated with materials and equipment
(i.e., bioreactor, feedstock, cathode/anode/membrane, etc.), fol-
lowed by the amount of electricity used and its cost (mainly
concerns MEC), as well as the fixed operating and maintenance
(O&M, aka OPEX) cost (Fig. 7a). Revenues that offset the above
costs include credits gained from discharge and tipping fees for
the waste feedstock and potential revenue from selling bypro-
ducts (e.g., CO,, biochemicals, etc.). The carbon intensity (CI) per
kilogram of H, produced from corn stover is summarized in
Fig. 7b, reaching a net removal of CO, when carbon capture and
sequestration are employed. The TEA model is based on the
process flow diagram shown in SI Fig. S2.

3.1.3. Target metrics for the integrated DF-MEC system. A
key advantage of the DF-MEC system over abiotic H, produc-
tion is the ability to recover H, from complex and polymeric
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Fig. 7 Summary of biohydrogen production cost derived from TEA ana-
lysis (a) and well-to-gate CO, emission (b) per kg of H, generated.
Wastewater from cheesy whey production and solid food waste were
used as the feedstock for the case study. Renewable electricity derived
from wind and solar was used. The analysis demonstrated the proof-of-
principle that savings from tipping fee and discharge fee which varies
substantially across midwestern, southern, and western regions lowers the
production cost. Well-to-gate CO, emission varies by the source of
electricity, grid (US mix) versus renewable electricity. Carbon capture &
sequestration (CCS) can further bring the net Cl to negative (removal of
CO,) in the scenarios when RE is applied.
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substrates such as cellulose and hemicellulose that are abun-
dant in many mixed waste streams. The success of the BioH,
route hinges on its competitiveness with other H, technologies
with similar or lower CI.'°® Key metrics contributing to the cost
of BioH, are summarized in Fig. 8. Various permutations of
these parameters bound by practical limitation remains a
subject of exploration (Table 3). BioH, production approaches
near-term target of $2 kg~' with economies of scale that lower
the capital cost (e.g., electrodes and membrane), high current
density generation at the anode (improves the BioH, yield), and
lower electricity cost. Selection of waste feedstock that allows
revenue generation from discharge and tipping fees (e.g., solid
food waste and wastewater from cheese whey production
process that is high in chemical oxygen demand) (Fig. 8) is
critical to lowering the LCOH,, for BioH,.

3.2. What successful biohydrogen brings

In principle, BioH, has a decarbonizing potential unmatched
by any other water-splitting technologies (Fig. 7). When CO,
and H, gases are co-released from a biorefinery, it is carbon
neutral as the co-produced CO, originates from the atmosphere.
Carbon-negative BioH, is achieved when the relatively concen-
trated source of CO, co-produced with BioH, is removed through
point-source carbon capture and sequestration (CCS).'°® It thus
offers a means to decarbonize heavy industry, transportation,
and places where reducing emissions has been challenging. By
harnessing the energy generated from the degradation of organic
feedstocks via living organisms, electricity use for BioH, produc-
tion via integrated DF-MEC (23.9 kWh kg™" H,) could require
less than half of the electricity typically needed for PEM water
electrolysis (55.5 kWh kg~ " H,)."* In addition, the BioH, process
permits degradation of solid lignocellulosic biomass with lower
energy intensity than H, produced from gasification/pyrolysis
which tackles solid organic wastes with temperatures ranging
between ~250-1150 °C. BioH, also provides an opportunity to
monetize domestic wastes, diversify H, sources, and increase
energy access to rural and farming communities, similar to the
PEC pathway.
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Fig. 8 Levelized H, production cost gets progressively lower as the
capital cost is lowered, MEC current density increases, electricity and
feedstock cost decreases. Tipping fees or discharge fees associated with
low value waste streams bring revenue to further reduce the levelized
production cost.
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Table 3 Summary of cost drivers and target
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Parameter Units

State of the art

Ultimate target

1

Feedstock cost $ tonne™

Bioreactor feed-
stock loading for

kg feedstock per
L reactor volume

fermentation
Yield (molar, per mol H, per mol
feedstock) sugar, “kg H,

kg~" biomass

H, productivity L H, per L reac-

$86.68 for herbaceous biomass*'”

Trade-offs between feedstock deconstruction/uti-
lization and feedstock loading beyond ~ 25 g L™"
as cellulose

<1 to 3.2 (trade-offs observed between sugar/
feedstock loading and yield)

Fermentation: 6.6 (batch operation) and 24.8 (fed-

Low-cost, Negligible, or permits revenue from dis-
charge or tipping fees
~50-100 g L ™" loading with >80% conversion

>3 2107

TBD. Best to what experiments can achieve.

tor volume batch operation) both using deacetylated and Remained to be assessed with different feed stream
mechanically refined corn stover and as a function of the reactor design/architecture.
MEC: 81 + 3 L H, L " day ' (synthetic)''® 22.2 +
6.2 L L' day ' (real waste stream)'"’
Current Density A m™> 5-66” (unpublished data from fermentation was- 10007
tewater generated from DMR);''® 50 using syn-
thetic media as MEC feedstock'®
Electrode Cost $m> $200 m 2 $20 m?
Electricity Cost $ kwh™! $0.07 kwh ™! $0.01 kwh™*
Cost $ kg~ ! H, 12.4° (with assumptions) 2

“ Note: high molar yield leads to high H, production per unit of feedstock. ” Highest H, productivity and current density were achieved from
separate settings. © $12.4 per kg H2 assumes 80% conversion of the feedstock biomass to hydrogen. ¢ Ultimate target for MEC current density is
purely based on a TEA model of an integrated DF_MEC system and the data is not published yet.

3.3. Targets, barriers, opportunities

3.3.1. Targets. As summarized in Table 3, meeting a BioH,
production cost of $2 per kg H, or lower requires advancements
to be made in utilizing low-cost feedstocks, increasing yield and
productivity, which necessitates processing and rapidly con-
verting high loadings of feedstock to H, in dark fermentation
and increased current density in MEC, while reducing the cost
of the MEC electrode.

3.3.2. Barriers. Amongst several technical components that
comprise dark fermentation and MEC, top challenges impact-
ing technoeconomic feasibility lie in feedstock, conversion
processes, process integration and scale-up. Research opportu-
nities pertaining to feedstock lie in its sourcing, deconstruc-
tion, utilization, and characterization. The microbial feedstock
conversion efficiency and H, yields as well as reactor designs
and bioprocess conditions remain to be improved. Unit opera-
tions need to achieve compatibility during process integration
and scale up while maintaining the target throughput. Success
also hinges on durable, low-cost materials and robust operation
at scale.

3.3.3. Opportunities

3.3.3.1. Fermentative H, production. Dark fermentation for
H, production is an anaerobic process where microbes break
down organic feedstocks into H,, CO,, alcohols, and volatile
fatty acids.'*' Organic materials including agricultural and
food wastes and wastewater are typical feedstocks for DF due
to their cost-competitiveness and the environmental concerns
around cleanup of waste materials. Microbial communities
indigenous to the feedstock or obtained from other sources
(e.g., anaerobic digester granules) featuring broad metabolic
diversity have been utilized in DF processes.'*""?* Alternatively,
defined single and mixed-culture species have been explored
for H, production,'*****12% which prevents metabolic compe-
titors from dominating the populations and eliminates H,

This journal is © The Royal Society of Chemistry 2026

consuming bacteria like methanogens. Common bacteria
found in DF includes those from the genera of Acetovibrio,
Caldicellulosirupter, Clostridium, and Thermoanerorobacterium.
These bacteria contain specialized, lignocellulolytic enzymes to
breakdown recalcitrant and complex polysaccharides found in
waste streams. These microbes’ innate ability to produce these
enzymes allows them to deconstruct biomass, consume sugars,
and produce H, in one step, which has been termed consoli-
dated bioprocessing (CBP)."** Despite various efforts to opti-
mize combinations of feedstocks and microbes, the optimal
route to achieve economically viable BioH, production via DF is
yet to be explored.

Achieving efficient conversion - the maximum yield of H,
from the complete oxidation of biomass-derived sugar is
12 mol H, mol " hexose (C6, glucose, etc.) and 10 mol H, mol *
pentose (C5, xylose, arabinose, etc.). However, the theoretical limit
for DF is 4 mol H, mol ' hexose and 3.2 mol H, mol*!
pentose,'””'**> as the microbes co-produce partially oxidized
organic carbon products that do not allow complete recovery of
the electrons contained in the feedstock as H,. With each sub-
strate containing different amounts of sugars, maximum yield on
various biomass substrates ranges from 11 to 21 kg H, kg
substrate based on models by Solowski et al.,"*® highlighting the
impact of feedstock selection.

Achieving high H, molar yield (per mol of sugar embedded in
the biomass) hence leads to high H, yield per unit of starting
feedstock. However, the trade-off between feedstock/sugar load-
ing and H, molar yield underlines the importance of metaboli-
cally moving electrons efficiently to the H, synthesis pathway in
the cells at high loadings of biomass. The capacity to process high
loads of feedstock also reduces the demand for a large bioreactor
footprint, an important cost driver. However, overflow metabo-
lism characterized by production of an array of amino acids and
alcohols was observed in the model cellulose-degrading
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bacterium Clostridium thermocellum when high substrate loading
(100 g L™" avicel also known as crystalline cellulose) leads to an
increased rate of substrate utilization.'®” Eliminating loss of
electrons through side reactions remains critical in achieving
high H, yield. For instance, eliminating lactate’*® and ethanol'*
production have shown to increase H, production and remains a
vital approach.

Biomass deconstruction to fully unlock the available sugars
within the feedstock requires additional testing of recombi-
nantly expressed enzymes to break bonds linking various types
of sugars for microbial utilization. CBP operation at high solid
ratio typically result in incomplete fermentation by the candi-
date organisms as they stop breaking down the biomass and
growth despite having food (e.g., lignocellulosic substrate) at
their disposal.’®°*° This decreases titers, rates, and yields,
which adds cost to production. It is therefore critical to under-
stand the underlying metabolic regulations governing sugar
utilization as well as mechanisms inhibitory to both lignocel-
lulose deconstruction and microbial growth.'31132134137 1q.
date, inhibition has been attributed to multiple metabolites
such as (1) short to medium chain acids; (2) lignin derived
compounds produced during fermentation that disrupt the
membrane proton gradient and integrity;"***° (3) HMF
(hydroxymethylfurfural), furfural, and phenols that damage
DNA, proteins, and membrane;'**™** and (4) deconstruction
intermediates like sugar-oligomers."**"** Molecules secreted
such as quorum signalling peptides (e.g., AgrD-type cyclic
peptides) and metabolic products such as organic acids made
by the microorganisms may also signal the cells to stop
growth.'* Eliminating the production of such signal peptides
may be possible by disruption of the secretary mechanisms or
pathway through targeted gene deletion. Process engineering
such as separation or dilution of the fermentation broth
remained to be explored. Identifying specific metabolic
inhibitor(s) and mechanisms as well as strain modification/
engineering and feedstock pre-treatment to overcome growth
inhibition and hurdles in feedstock utilization is urgently
needed.

Redox cofactors (NAD(P)H, ferredoxin) are known to mediate
electrons obtained from sugars to hydrogenases for H, produc-
tion. In C. thermocellum, both NiFe- and FeFe-types of hydro-
genase are present based on genome information'*® yet their
role in H, production/oxidation and their associated redox
cofactors (e.g., NADH vs. NADPH) are unknown. Such basic
understanding will inform a genetic engineering strategy to
maximize electron flux toward H,, as biochemical reactions
which divert the electrons away from H, production to side
reactions or metabolites can be potentially inactivated by
targeted gene deletion.

Feedstock supplies, selection, and processing - lignocellu-
losic biomass is one of the most abundant sources of carbohy-
drates suitable for CBP. The Billion Ton Report'*® identified up
to 1.5 billion tons of total biomass resources in the form of
dedicated energy crops, agricultural residues, logging residues,
municipal solids, waste resources including animal manure
and wastewater sludge, algae, and industrial CO,."*® Premiums
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paid to address and remediate a waste stream (e.g., tipping fee)
bring revenue to offset BioH, production cost. Locally sourced
biomass, such as industrial food waste streams, requiring
minimal processing and transportation will reduce cost and
meet near-term needs for DF. However, as the industry scales
up, more sophisticated logistics supply chain operations will be
required to aggregate, store, preprocess, and formulate mate-
rial. Depot models utilizing blending and formulation have
been proposed to economically deliver an on-spec commodity
product,"'”'*” similar to that of the oil and gas industry that
utilizes midstream operations to manage variability upstream
and deliver on-spec products downstream.

While lignocellulosic biomass is primarily composed of cel-
lulose, hemicellulose, lignin, and ash, the ratios of these com-
ponents can vary depending on different biomass types,
anatomical fractions, and tissue types, which all introduce
variability challenges in downstream processing operations."*®
For example, the rind and vascular bundles of corn stover are
rich in lignin, creating rigidity for the plant but also contributing
to its recalcitrance to decomposition in comparison with the
carbohydrate-rich pith tissues.'*® Targeted pretreatments and
extractions can improve DF performance. For example, hot water
treatments target hemicellulose removal to prevent the buildup
of xylo-oligomers that can be fermentation inhibitors in DF,
meanwhile providing recalcitrance reduction in the lignocellu-
losic matrix such that carbohydrates are more readily
available.""”'*” Being effective in deconstructing the biomass,
flexible to handle multiple feedstocks that are cost competitive,
and robust in tolerating feedstock variability are key features of a
viable technology.

Process integration and intensification - deployment of
industrial-scale fermentative H, production necessitates main-
tenance of high volumetric H, productivity and high yields
across long time scales, with minimal investment or downtime
for cleaning and sterilization. Compared with bench-scale, low-
intensity fermentations, larger-scale and higher-intensity fer-
mentations are challenged by high viscosity mixing, higher
partial pressures of dissolved H,, and accumulation of soluble
inhibitors generated as fermentation co-products or via feed-
stock solubilization. High production rates obligate high flux
and throughput of biomass feedstocks, which is prone to reduce
H, yields due to viscous rheology that impedes the uniform
mixing required to maintain pH, dispersion of hydrolyzing
enzymes, and an optimal dissolved gas concentrations."® Dis-
solved H, in the aqueous phase can adversely affect yields due to
reaction equilibrium as H, is a product of a reversible reaction
catalyzed by hydrogenase enzymes, which differs from the
obligated H, production as a byproduct during nitrogen fixation
by nitrogenase. Active removal of H, is therefore critical to
maximize productivity, but these interventions must be applied
while an optimal dissolved CO, level is maintained for microbial
biomass production.">' Moreover, H, removal by purging nitro-
gen gas imposes high costs for downstream gas separations;
more scalable deployment strategies should therefore be tar-
geted including thermophilic operation at high temperatures
with low associated H, solubility, and improved mixing
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geometries to maximize H, transfer to the headspace. Both
mixing and gas removal configurations can be informed by
computational fluid dynamics to reduce mixing times, eliminate
unmixed dead zones in the bioreactor, and minimize required
energy inputs.">®> Moving forward, computational models should
be complemented with scale-down studies and biokinetic
models to better inform the metabolic impact of heterogeneous
conditions. Such studies would enable incorporation of biologi-
cal dynamics into bioreactor computational fluid dynamics
models, better informing the trade-offs between biological per-
formance and the costs associated with maintenance of optimal,
homogenous conditions.

To address soluble fermentation inhibitors, a combination
of source reduction and reduced residence times for the
inhibitor remains to be explored. However, balances need to
be maintained between high flux of feedstock into the system,
continuous removal of inhibitors in the aqueous phase, and
retention of the bioconversion host. Continuous substrate
addition has the additional benefit of continuous hydrolysis
and liquefaction of solid feedstocks, reducing the characteristic
viscosity of the system and improving mixing conditions. Use of
continuous operational modes, including upflow anaerobic
sludge blanket designs, has proven successful for long-term
continuous operation with operational periods up to a year.">*
Despite the potential for contamination in long-term unster-
ilized cultures, biohydrogen production can be maintained over
long time scales through a variety of strategies including
selective enrichment of microbial communities,*** or mainte-
nance of thermophilic cultivations in pure cultures to reduce
potential for outside contamination.*>*

3.3.3.2. Microbial electrolysis cell. MECs enable the transfor-
mation of biodegradable organic matter into H, gas via a
combined microbial and electrochemical process. Exoelectro-
genic microorganisms, which in MECs are localized at the
anode, oxidize the dissolved organic matter through anaerobic
respiration and transfer electrons to the electrode while releas-
ing protons. The electrons are conducted through an external
electrical circuit to the cathode where water is reduced, produ-
cing H, and hydroxide ions. By coupling organic matter oxida-
tion with H, evolution, MECs can generate H, at a fraction of
the thermodynamic voltage (0.14 V) required for abiotic water
splitting (1.23 V) under standard conditions, while aiding in the
removal of organic contaminants from used water. For indus-
trial deployment, MECs need to be operated at commercial
scale, enabling stable transformation of aqueous organic waste
streams into H, gas at high rates and with high conversion
efficiency. Achieving this goal requires upscaling of MECs from
bench-top reactors (millilitres to Liters in volume) to commer-
cial size systems (cubic meters in volume for individual units or
larger) through electrochemical and bioprocess engineering.

Engineering MECs architecture for real-world applications -
converting biomass into hydrogen using MECs requires recon-
ciliation of electrochemical, chemical, and microbiological
parameters that impact performance (Fig. 9). Small electrode
spacing is needed to minimize the internal resistance of the cell
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Organic Waste Stream:
« Domestic Wastewater
+ Fermentation Effluent

 Pro-weated Waste Streams| T °’r|'_|+°1 l—

Separator
Catholyte
Recirculation

Anolyte
Recirculation

Legend:

Desired Microbes:

* Exoelectrogens (®) generate electric current.

e Fermenters and acetogens (®® ) breakdown complex organics to simpler
organics.

Undesired Microbes:

e Acetoclastic and hydrogenotrophic methanogens (= &
from acetate and hydrogen consumption, respectively.

e Homoacetogens (®) generate acetate from hydrogen consumption.

* Acetoclastic and hydrogenotrophic sulfate reducer (® & )

e Acetoclastic and hydrogenotrophic sulfate reducers (® & )

) generate methane

Fig. 9 Schematic of the most critical elements of a dual-chamber micro-
bial electrolysis cell operating with DF effluent or real wastewaters. (i)
Synergy between fermenters and exoelectrogens ensure current genera-
tion with complex substrates that cannot be immediately processed by
electroactive bacteria. The presence of competing electron acceptors may
reduce efficiency; (i) reducing electrode spacing allows to minimize the
internal resistance of the cell, overcoming the low conductivity of typical
waste streams. (iii) Minimizing potential pathways for hydrogen consump-
tion by methanogens is critical to maximize yield.

and reduce the impact of low solution conductivity of typical
waste streams on electrochemical performance. A small inter-
nal resistance in a compact MEC enables larger current and
hydrogen production rates at a given applied voltage compared
to less compact designs.'*®**1%% A small distance between the
electrodes makes the use of separators often inevitable to avoid
short circuiting of the cell (electrical contact between the
electrodes) and to minimize hydrogen losses due to microbial
consumption by hydrogenotrophs. Although several MEC stu-
dies favored the design of single chamber systems without
separators, citing the high cost of membranes and their
potential fouling, incorporation of separators remains the only
practical approach for minimizing H, losses (e.g., via metha-
nogenesis) therefore increased energy efficiency.

Maintaining high current densities and stable operation in
compact MECs will require careful management of solids and
optimization of the solution chemistry. While waste stream
pretreatment and new reactor designs can minimize solid
accumulation, this aspect of MEC operation requires additional
development. This issue is not relevant to any of the other
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electrochemical technologies that reached commercial scale, as
water electrolyzers and redox flow batteries operate with
defined electrolytes with stable water chemistry.'>® Low buffer
capacity (or alkalinity) of wastewaters is another challenge for
maintaining stable and neutral pH across the cell."®* MECs will
need to be designed to cope with liquid streams that features
wide variations in conductivity and pH. The use of separators
with a high ionic conductivity such as anion exchange mem-
branes can minimize the adverse impact of a low solution
conductivity.""®'®" Effluents with high buffer capacities will
deliver larger currents and produce more hydrogen by avoiding
large pH gradients in the cell and a low pH near the anode, but
this wastewater characteristics is not common. Continuous
recirculation of a buffer-amended MEC effluent back to the
fermenter or an upstream process can be a feasible approach to
maximize performance via water chemistry optimization with-
out any chemical losses in released effluents.

The long-term stability of MEC performance needs to be
demonstrated via consistent current and H, generation over
time. While the performance of bioanodes in small pilot
systems is usually reported as steady, membranes and cathodes
have shown rapid degradation due to biological and inorganic
fouling. Thick biofilms, often featuring mineral precipitation,
can develop within and on the cathode catalysts as well as on
the membrane surface, restricting ion transport and increasing
the internal resistance of the cell. Such performance degrada-
tion has been documented previously; however, no effective
approaches for restoring performance without cathode replace-
ment have been developed. Implementation of electrode clean-
ing is further complicated in systems with tightly spaced
electrodes and usually requires complete disassembly of the
whole stack. To enhance maintenance efficiency and reduce
costs, novel techniques need to be developed for replacing
cathodes or cleaning membranes, cathodes, and liquid cham-
bers in situ. These methods should not necessitate disassem-
bling the cell, nor should they disrupt the microbial community
on the anode.

Engineering microbial communities for MECs - operation of
MECs on aqueous waste streams that are highly variable in
substrate composition using natural or engineered microbial
communities offers different advantages. Due to their broad
metabolic capacity, communities obtained directly from pro-
cess wastewater, anaerobic digesters, or other waste treatment
systems can improve substrate utilization, increase resilience to
varying stream compositions, and lower inoculum and opera-
tional costs. MEC performance hinges on enriching specific
microbial communities capable of maximizing the conversion
of the various compounds in the feed stream into electrons.
Typically, the indigenous communities consist of diverse spe-
cies capable of metabolizing a wide range of organic substrates,
from simple compounds like sugars and fatty acids to complex
molecules like proteins and lignocellulose. Specialized
microbes, such as fermentative bacteria, hydrolytic bacteria,
and electroactive microbes, can work synergistically to degrade
various substrates and transfer electrons to the anode. Robust
and functionally diverse communities can dynamically shift
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their metabolic activity in response to changes in substrate
composition, ensuring continuous operation even with fluctu-
ating feed compositions. Over time, the microbial community
evolves to enrich species best suited for the available substrates
and MEC operating conditions. However, frequent variation in
substrate composition can adversely affect anode performance,
due to the lag time required by the community to adapt to the
new feed source.

MEC operation can be optimized for substrate variability
using several strategies. (1) Anode materials can be optimized
to promote better microbial attachment and stability. As an
example, carbon cloth electrodes allow microbial attachment
and biofilm development."*® In addition, 3D printing technol-
ogies with existing enriched microbial communities can be
used to optimize MEC startup process."'*® (2) Pre-treatment of
the feed stream can break down complex organic compounds
into simpler substrates (e.g., acetate), which are more readily
metabolized by electroactive microbes.'®* (3) Process control by
changing hydraulic retention time (HRT) can ensure microbial
community has sufficient time to metabolize complex sub-
strates. A shorter HRT is suitable for simpler substrates, while
a longer HRT is better for complex or variable feeds. In
addition, real-time process monitoring (i.e., electrical current,
pH) could inform adaptive feeding strategies. For instance,
when current drops, the new substrates can be introduced
gradually while allowing microbes to slowly adapt to new
environments. (4) Enriching a wide range of bacteria which
can break down carbohydrates, proteins, and lipids into more
easily degradable volatile fatty acids or H, as well as convert/
funnel other volatile fatty acids into acetate. Specifically enrich-
ing electroactive bacteria that can directly transfer electrons to
the anode could improve electron transfer efficiency. (5) Oper-
ating MEC at favorable pH’s and temperatures.

Scaling up MECs: the importance of minimizing internal
resistance — Ultimately, MEC throughput should be increased
when assembling industrial-scale reactors. Rigorous design
specifications and approaches are needed to define how per-
formance obtained at the bench scale can be translated into
large-scale systems. Considerations should be given to both
electrochemical and microbiological parameters as MEC
dimensions are increased. Several studies have shown that the
total electrode resistance normalized by area increases as the
electrodes are scaled up.'®*'®* Scale up studies should include
the resistance of each electrode, and of the solution, to pinpoint
the largest energy loss in the cell and drive future work toward its
minimization. These resistances can be obtained by linearizing
the slope of the total cell voltage and electrode potentials as a
function of the current density. Previous scale up studies indicated
that the internal area specific resistance (ASR) of a microbial fuel
cell increased from 255 mQ m? at small scale (7 cm?, 28 mL) with
near equal electrode resistances (anode, 71 + 3 mQ m?; cathode,
66 + 17 mQ m?) and a higher solution resistance (118 mQ m?) up
to 880 mQ m” at large scale (4800 cm? 85 L) with a greater
increase in the cathode (555 + 24 mQ m?) than the anode (238 +
18 mQ m®), and similar solution resistance (87 mQ m?
(SI Table S1). Here, ASR is expressed in impedance x area because
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it represents the electrical resistance multiplied by the charge
transfer area, or equivalently, the voltage divided by the current
density. These changes in ASR occurred despite the use of an
identical reactor architecture, the same electrode materials, and
the same wastewater source.'®"'®® Such a large ASR (880 mQ m?)
will translate into poor hydrogen production rates of 0.86 L H,
Lreactor — day " at 0.9 V (100 m*> m > electrode packing density and
onset voltage of 0.56 V), while current lab scale systems can
produce >80 L Hy Licactor ~ day ' with an ASR of 8 mQ m?>'"®
Reasons for these increased resistances during scale up must be
elucidated and addressed to maximize hydrogen production rates.
The challenges that arise by using very large electrodes could
potentially be circumvented by scaling out. Meaning that rather
than scaling up MECs, a large number of smaller reactors are
connected together to increase overall throughput.'”’

4. Thermochemical hydrogen pathway

Similar to the other advanced pathways, TCH technologies have
a rich history of ideation and development to evolve and
demonstrate viable concepts over many decades. Detailed
process chemistry and technology types have been demon-
strated at various scales, and over multiple cycles, from labora-
tory to small pilot plant as described in comprehensive works
dating from 2002."°°"”" Thematically, thermochemical water
splitting cycles are defined by the number of reactions required
to complete the cycle, and by the method of treatment (e.g.,
purely thermochemical or hybridized approaches).”*”*"3
Examples of three common cycle chemistries are illustrated
in Fig. 10.

The two-step non-volatile, non-stoichiometric redox-active
metal oxide (MO,) cycle is conceptually the simplest. The cycle
chemistry is depicted in the far left panel of Fig. 10. In the first
“reduction” step, a metal oxide like CeO, is heated to a high
temperature where molecular oxygen spontaneously evolves
from the crystal lattice under an appropriately low gas-phase
oxygen chemical potential. At this moment thermal energy is
directly converted into chemical potential energy. In the second
“oxidation” step, the now oxygen-deficient CeO,_; is exposed

H,S0,

H,S0,

H,0 =0, e el B
S0, m
* H,0

1

Ce0,; ) 20,
ol ™ 1,0 L 50,
mg 7 B el TET 2H,0 wlzy 2H,0
1 " m: o
70, N H, e E " Hso, & H
Ce0, 2HI H,S0,

Fig. 10 Schematic showing exemplar thermochemical cycles. Far left is
the simple two-step metal oxide cycle, center is the multistep cycle, and
far right is the hybridized cycle that invokes an electrochemical step other
than direct water electrolysis. Water and energy are the only inputs into
these systems, and hydrogen and oxygen are the only outputs. Nuclear
plants, solar and other sustainable power sources supply the energy inputs
to these water splitting cycles. Adapted with permission from the Electro-
chemical Society, ref. 9, Copyright 2021.
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to steam at a lower temperature where oxygen is stripped from
the water molecule producing H,. The second step is also
spontaneous, and while the water-splitting process is surface
mediated, bulk CeO,_; does not act catalytically. The defected
oxide is “consumed” in the process to the extent allowed by
bulk thermodynamics. The MOy cycle is the subject of the
present perspective because researchers in the TCH field have
mostly abandoned alternative cycle chemistries given a myriad
of technological challenges associated with the development of
such alternatives.'”"7*'7>

Two general reactor configurations, batch or continuous,
and two operational modalities, pressure/temperature-swing or
pressure-swing only at constant (or near constant) temperature,
respectively, have been employed to date."”® The redox-active
MO, in these configurations function simultaneously in all
cases as radiant absorbers and reactants that undergo thermo-
chemical cycles governed by bulk material thermodynamics. In
addition, materials within these reactors are either heated
directly with concentrated solar radiation at flux levels of
100’s to 1000’s of suns into windowed receivers, or indirectly
by irradiating the walls of opaque refractory containment
176177 Large arrays of heliostats are proposed to con-
centrate the solar radiation and provide renewable heat at
process temperatures in excess of 1500 °C, as well as provide
power to the balance of system."”® To date TCH H, production
using redox-active MOy cycles has been demonstrated at scales
up to 750 kW

In this perspective, the current status of the TCH Hydrogen
Pathway is examined to identify RD&D gaps, and to discuss the
technical challenges that must be solved in order to realize
commercial viability. In so doing, opportunities for the
research community are outlined that address both fundamen-
tal science and engineering challenges crucial for achieving
cost parity with other commercial or near-commercial H,
production technologies in support of the H2@Scale initiative.

vessels.

4.1. Current state of the art

4.1.1. Target metrics for TCH system. Commercial viability
necessitates that TCH technologies establish metrics and spe-
cific performance targets that align with those of the DOE - like
cost and efficiency - outlined in Section 1. These metrics allow
for an objective comparison to other H, production technolo-
gies and thus reveal use cases where TCH is a competitive
sustainable H, production pathway within the context of
regionally specific H, demands. Equally important, TCH needs
to demonstrate a credible path towards achieving these targets
in order to engender stakeholder confidence, attract invest-
ment, and cultivate the collaborations necessary to further the
RD&D needed to advance to higher TRL.

TCH metrics critical for evaluating process efficiency, viabi-
lity, and scalability are listed in Table 4. These metrics not only
reflect near-term operational capabilities, but also account for
long-term upscaled performance and sustainability attributes.
Values listed in Table 4 were derived through community
consensus, with some examples taken from real-world
demonstrations'”**®® or detailed system studies,'®"'®* and
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Table 4 Target metrics for a TCH process
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Parameter Units Near term Ultimate
STH efficiency % 5.3% 25
Degradation (redox-active MOy) A% redox capacity per 10 000 hours <20 <1
Lifetime (system) years 5-10 30
Lifetime (redox-active MOy) % replacement per year <50 <10
H,O conversion % 184 >10
Max Trep °C >15007 <1350
Power density kWi m 45¢ >100
Material intensity kg m~? 5000° 1500
Material cost $ kg ! 5.00 2.50
Energy utilization factor kwh kg ' H, 166° <100
System cost $ kW 150-250" <65
Cost (H,) $ kg ''H, 4-77 <2

While there are multiple choices for converting between mass and energy for the H,, 32.7 kWh kg~ ' H, is used here. “ Ref. 179 - based on HHVe)
and reactor volume. ” Ref. 183 - based on H, at STP. ° Ref. 181. ? Ref. 182. ° Based on H, conversion system volume./ Based on AG?_HZO.

encompass various dimensions such as lifetime and degrada-
tion rates, energy utilization and costs, while also considering
the interplay between functional materials, reactor design, and
overall system performance. For example, the energy utilization
factor, set at less than 100 kWh kg~ ' H, for the ultimate target,
must be considered within the broader landscape of energy
inputs and outputs determined by reactor design, operational
modality, and anticipated future advancements in redox-active
materials as well as improved separations and heat recupera-
tion technologies.

Metrics such as system cost, currently targeted at less than
$65 kWH;l, should be benchmarked against established tech-
nologies to facilitate meaningful comparisons. Similarly, the
redox-active MO, degradation metric, which currently targets
less than 1% reduction in redox capacity per 10 000 hours, must
be evaluated against the operational lifetimes of existing elec-
trolysis technologies, which can exceed 80000 hours. Impor-
tantly, the establishment of a standardized energy utilization
metric, suggested here as kWh kg™ ! H,, provides a common
framework for comparing different H, production technologies
that include other advanced pathways as well as conventional
electrolysis. Using robust tools, standardized methodologies
for TEA, and adherence to rigorous measurement protocols will
ensure that these metrics are traceable across various RD&D
efforts. Finally, ongoing research and technological advance-
ments will inform the evolution of these metrics, necessitating
a dynamic approach to their modification, refinement, and
validation.

4.1.2. TCH benchmark system. An exemplar batch-type,
windowed radiant cavity receiver is shown in Fig. 11."%° 1t is
widely considered the best performing design in terms of
efficiency, power density, and gas conversion.'”® Incidentally,
the European Union is host to the largest collection of upscaled
TCH demonstration platforms featuring two-step non-volatile,
non-stoichiometric MO, water splitting cycles, including a
plant supported by a 750 kW, power tower.'8718¢

With an exemplar reactor operating at 4 kWg,,, input,
Marxer et al.'® demonstrated thermochemical gas splitting
(CO, not H,0) with 100% selectivity for carbon monoxide
(CO) and 0O,, achieved 63% peak molar conversion of gas feed,
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B Exothermic oxidation step (CO generation)
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Fig. 11 A schematic and images of the directly-irradiated cavity reactor
tested by ref. 180, reproduced with permission from the Royal Society of
Chemistry.

and 5.25% solar-to-CO conversion efficiency (LHV basis) using
pressure/temperature-swing operation. The demonstration was
not halted by redox-active MOy instability or hardware failure.
In fact, this same design was upscaled to 50 kWg,,, and
deployed on a tower at IMDEA Energy in Spain under the EU
Horizon 2020 Sun-to-Liquid Project'®” where CO, and H,O were
co-split producing ~ 5200 L of synthesis gas (a mixture of H,
and CO) over 62 thermochemical cycles in a dedicated cam-
paign lasting nine days.'®® Significantly, the authors report a
4.1% solar-to-syngas conversion efficiency (similar to STH) at
this scale without implementing heat recuperation, and further
speculate greater than 20% conversion efficiency is achievable
by recovering rejected heat. The impact of design and system
variables were later explored by Zoller et al,'®® where the
authors developed and validated a heat transfer model at the
50 kW scale, and determined that >10% energy conversion
efficiency was achievable even without heat recovery. A follow-
up project called Sun-to-Liquid II was launched in 2023 and
aims to demonstrate a reactor efficiency of 15%.'*°

Cerium oxide (CeO,_;) is considered the state-of-the-art
material,"’>"**"** and not surprisingly was incorporated into
the most recent exemplar reactor demonstrations. Its use in a
two-step cycle was proposed in 2006,'** and demonstrated in a
solar reactor in 2010."°> Ceria offers key advantages for the TCH
process: fast redox kinetics,'®" long-term thermal stability'®®
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and unique thermodynamic properties'*®'®” that enable it to
split water at relatively high temperatures and with a small
temperature swing of 200 °C."°® Notably, ceria is the only non-
stoichiometric MO, material known to maintain favourable
water splitting thermodynamics at conditions of extremely
low gas-phase oxygen chemical potential encountered when
substantial amounts of H, and water vapor coexist in the
oxidizing environment. This is due to ceria’s unique electronic
structure and O-defect formation mechanism that manifests a
large entropy of reduction.'?®2°

4.2. What does success look like for TCH technology?

Similar to the other advanced pathways, success is predicated
on continued technology advances and demonstration at large
scale, while meeting critical performance targets. The technol-
ogy must demonstrate high energy efficiency (or low energy
utilization), scalable systems with high reliability, and reduced
costs for components like reactors, heat exchangers, separation
units and heliostats that are capable of producing H, with
minimal reliance on grid electricity. Some consider integration
with thermal energy storage important for enabling continuous
operation and improving economic viability, as high annual-
ized capacity factors can significantly reduce LCOH, particu-
larly for capital-intensive technologies aiming to achieve cost
parity with current H, market prices.”®> Furthermore, in a
resource-limited funding environment, pragmatic decisions
about demonstration projects focused on low-risk, high-
reward gains are essential. Achieving TCH commercial viability
will require successfully demonstrating system integration at
scale, notwithstanding the inevitable ongoing pursuit of novel
designs and materials at smaller scale to push the physical
limits of energy conversion efficiency. Integrated systems
include storage for flexible H, output, innovative reactor
designs that permit efficient solid-solid heat recovery, and
deployment models that allow for co-location with solar towers
or advanced nuclear reactors with long-term operational stabi-
lity even if these early demonstration systems do not achieve
optimal design-point efficiencies.

4.2.1. Scalable reactor designs. Scaling up the two-step
redox-active MO, TCH pathway to relevant sizes, such as
modular systems greater than 50 kW and full systems exceed-
ing 1 MW, is a challenging endeavour but essential for proving
commercial viability. Importantly, gathering system and opera-
tional cost information, as well as documenting real-world
experience at these scales, is necessary for rigorously evaluating
economic competitiveness so that industry can make informed
partnership and investment decisions.

At the moment, the choices of TCH reactor type (batch or
continuous), operational modality (pressure/temperature swing
or pressure-swing only, direct or indirect heating), and the
redox active material combine to offer many potential candi-
date designs and operating modes for upscaling, each with its
key performance parameters, initial TRL, and
challenges."’® A directly-heated batch-type reactor operates in
discrete cycles where a redox-active MOy is heated, reduced,
cooled and then re-oxidized in separate phases within the same

own
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cavity. The functional material is fixed inside this cavity and
exposed to pressure/temperature-swing cycling, which results
in non-continuous H, production (see Fig. 11); O, separation is
achieved temporally. The basic continuous-flow direct-heated
reactor is comprised of two cavities, one held at the higher
reduction temperature and the other at the lower re-oxidizing
temperature with MOy transported between the two cavities. H,
and O, are produced continuously and O, separation is achieved
spatially. In either configuration, pressure swing is managed by
application of vacuum or inert gas sweep to generate the low O,
partial pressure required for MO, reduction.

The main differences between batch- and continuous-types
are: (1) system complexity, (2) active material inventory and
management, and (3) heat recovery - all of which affect system
cost and design-point efficiency leading to trade-offs when
considering scalability. For example, the batch-type reactor is
simpler to design and possibly less costly to build and operate
than a continuous-type, but encounters significant challenges
when scaling to MW levels due to the large quantities of redox-
active material required and the complexities of maintaining
uniform absorptance of concentrated solar irradiation in large
receivers. Additionally, since the material is fixed inside one
cavity, practical limitations restricts heat recovery to gas-gas
and gas-solid precluding direct solid-solid. In other words,
effectively recuperating heat from the solid when cycling
between the reduction and re-oxidation temperatures, or even
recovering the re-oxidation exotherm for that matter, is prohi-
bitively difficult in fixed-bed devices.”***** Indirect heating of
the redox-active solid, while appealing because it eliminates
engineering challenges associated with windowed receivers,
increases heat transfer resistance requiring the directly irra-
diated containment vessel to operate at much higher tempera-
tures than a like-type windowed receiver. Due in part to these
design challenges, the highest achievable STH efficiency of the
batch-type system is fundamentally limited and predicted to be
lower than a continuously operating reactor.

Continuous-type reactor designs are more complex due to
the challenges of conveying MO, material in harsh thermal and
mechanical environments that need to maintain a hermetic
seal (i.e., gas separation) between the two cavities and the
ambient environment. However, the ability to operate continu-
ously delivers stable H, production rates and improved thermo-
dynamic performance engendered by designs that utilize counter-
current flow between the reacting solids and gases to maintain
more favorable chemical potential gradients within reduction
and re-oxidation zones.??>?%® Additionally, continuous-type reac-
tors offer a direct means to recuperate heat from solid reactants
and require much less redox-active material to operate because
the oxide is not stored inside the cavity receiver. And while these
design features may ultimately greatly increase STH and overall
system efficiency relative to batch-type, very few continuous-type
concepts have been tested,**”?**® and none have yet achieved
better performance than the exemplar batch-type design.

4.2.2. Considerations for deployment at scale. Beyond
choices made for a particular reactor design and operating
mode, successful TCH deployment at scale is driven primarily
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by overall system efficiency and material reliability. Here, the
system includes solar field and balance of plant components to
support the reactor such as piping, pumps, separations units,
heat exchangers, steam generators, etc., that are fully integrated
into a chemical plant producing 100 tonnes H, day '.'®!
Balancing these factors is not trivial. Low TRL prototypes have
prioritized pushing to higher temperatures and higher fluxes by
using directly irradiated receiver-reactor systems in order to
maximize metrics like chemical conversion and fuel yield
because TCH will need to reach greater than 20% annual
efficiency and operate at a much higher power density to
become competitive with electrolysis.'”®*°® This approach cre-
ates significant challenges related to the durability of materials
exposed to thermally harsh conditions of high radiant flux and
large temperature gradients. The need for high concentration
ratios to limit re-radiation losses also brings with it the chal-
lenge and costs associated with a solar field designed to achieve
them. Furthermore, in the past decade it has become clear that
for any solar thermal technology to be economically competi-
tive with a solar electric technology, heat recuperation and
potentially thermal energy storage must be integrated into a
TCH chemical plant.

An alternative pathway to that of directly irradiated receiver-
reactor concepts (windowed or indirect) is also under develop-
ment seeking to avoid the large re-radiative losses at the
primary aperture and material failure due to strong thermal
gradients. This approach is indirect in which the solar heat
collection is decoupled from the chemical reaction using a heat
transfer fluid. In 2019, a novel solar receiver was developed that
achieves fluid temperatures of 1550 °C at a receiver efficiency
exceeding 80% with a relatively moderate concentration ratio of
1000 suns. This high temperature, high efficiency receiver
accomplishment exploits the “greenhouse” effect of polyatomic
gases to reduce re-radiative aperture losses.>'® Using a fluid to
indirectly heat redox-active materials that are confined in fixed
or moving beds does add heat transfer resistance but avoids
direct exposure of functional materials to high-flux irradiation
that accelerates thermal degradation. More importantly, heat
recuperation and storage, which enhance overall system effi-
ciency, is significantly easier because the heat transfer fluid
circulates throughout the process but does not contact redox-
active material. Such TCH schemes operate at a lower tempera-
ture (to lessen the material stability challenge) and with lower

Table 5 Target metrics for TCH redox materials
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energy conversion efficiency, but fundamentally incorporate
heat recuperation and storage. In addition, other benefits to
decoupling solar collection from chemical reactions include
the ability to better design each receiver and reactor component
separately and, in the case of a packed-bed thermochemical
reactor, adopt designs more commonly used in the chemical
industry.

4.3. Targets, barriers, and opportunities

4.3.1. Targets. Target metrics for a full TCH system pre-
sented in Table 4 align with overcoming the barriers to tech-
nology development introduced in Section 1. While these
metrics address the systems-level, a full complement of
redox-active material performance targets are also important
to assess the commercial viability of a two-step redox-active
MOy cycle. Community consensus specific to these materials is
beginning to emerge from DOE’s HydroGEN Advanced Water
Splitting Materials Consortium>"*'? and is briefly summarized
in Table 5.

The material efficiency target, which is a different standard
than STH, is derived from the free energy needed to split water
normalized by the reaction enthalpy of MO, reduction. This
value is the maximum theoretical efficiency a MO, material can
attain in a two-step water splitting process®™® and reveals the
importance of discovering water-splitting oxides that have a
lower reduction enthalpy than CeO,; such materials would
cycle at lower temperatures and are inherently more thermo-
dynamically efficient thus positively impacting systems-level
performance markers as discussed earlier. Aside from kinetic
performance, the remaining parameters are metrics that relate
fundamentally to the magnitude of a MOy’s reduction entropy
and will be discussed shortly. Here, materials are characterized
by measuring H, production capacity in an oxidation environ-
ment that co-mingles steam and H,; representative of a “high
[steam] conversion condition”.”**

Taken together, the targets expressed in Tables 4 and 5
stimulate innovation in material discovery and in the design of
complex thermochemical systems necessary to overcome cur-
rent barriers to advancing the TRL of TCH technologies. Among
recent RD&D efforts exploring new non-stoichiometric MOy
materials are a set of focused, long-term projects coordinated
through DOE’s HydroGEN Advanced Water Splitting Materials

Parameter’ Units® Descriptor Ultimate
Material efficiency % ) AGY ~50
Thermal efficiency of two-step process < o )
AHggp

Reduction capacity — mmol O mol™" atom in solid 5%

H, production capacity (100% steam) — mmol H, mol " atom in solid 5x

H, production capacity (oxid. @H,/H,O of 0.001) — mmol H, mol " atom in solid 2.5x%

H, production capacity (oxid. @H,/H,O of 0.01) — mmol H, mol~" atom in solid 1x
Kinetic performance — Time to 90% of H, produced at max yield 0.20

“ Unitless targets normalized to values measured for CeO, cycled at AT = 550 °C and 10 pa O,. ” Measured at specific redox cycle conditions (see

ref. 212).
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Consortium, which is a highly collaborative initiative launched
in 2017.2%

4.3.2. Barriers. Realizing performance targets in TCH sys-
tems is challenged by knowledge gaps in our understanding of
both materials (redox active as well as containment/support)
and the integration of complex subsystems operating in
extreme thermal and mechanical environments. Several areas
where focused RD&D should be prioritized to advance the TRL
necessary to achieve commercial-ready status are: (1) active
materials, (2) reactor and auxiliary system design, (3) system
integration, and (4) TEA and life cycle analysis (LCA); all of
which are important to realizing TCH production plants with
long-term operational stability, scalability, and competitive
costs. Regarding materials, current redox-active MOy’s such as
ceria and perovskite oxides have limited H, production capacity
per cycle and are susceptible to thermal degradation. The few
reactors that have been used for demonstrating two-step water
splitting chemistry with non-stoichiometric MOy are inefficient,
relatively small-scaled research instruments lacking industria-
lized features. Their small scale also results in economic
uncertainty that limits stakeholder confidence and investment
readiness due to a lack of standardized, robust TEA methodol-
ogies and benchmarks for analyzing real-world deployment
scenarios.

To overcome these barriers, RD&D opportunities exist in the
discovery of materials with superior reduction behavior at less
extreme conditions that exhibit fast kinetics, highly stable
cyclability, and high water conversion extent at practical re-
oxidation temperatures. There is also opportunity for engineer-
ing material form factors to better utilize solar absorptance,
together with improved heat and mass transport. Innovative,
robust, minimal maintenance reactor concepts are needed that
can efficiently scale to >1 MW and be compact enough to
facilitate modularity or simplicity in installation while achiev-
ing a high power density. Auxiliary systems with advanced heat
exchange and separations that take full advantage of thermal
energy storage and system integration are essential to meet the
energy utilization target and achieve ultimate scalability.
Finally, robust methods for conducting detailed TEA and
LCA*'® informed by engineering data collected from upscaled
systems, which account for transient operation, are needed to
improve our understanding of — and build upon our knowledge
of - key relationships that can be leveraged to reduce costs and
explore optimal trade-off strategies.

4.3.3. Opportunities. The maturation of TCH technology
presents the research community with opportunities to tackle
both fundamental science and engineering challenges crucial
for achieving H2@scale objectives. These challenges encom-
pass addressing performance issues outlined in Section 1 by
continued investment in traditional ideas that implement
derivative knowledge, as well as exploring innovation through
the pursuit of novel processes or system integration strategies
that extend TCH beyond the purely thermochemical realm, as
well as beyond simple water splitting chemistry. Notably, TCH
can directly utilize CO, in co-splitting cycles, creating a valor-
ization pathway for carbon capture and utilization. This

This journal is © The Royal Society of Chemistry 2026

View Article Online

Perspective

advantage is especially attractive for co-location with industrial
emitters or biogenic CO, sources, turning emissions into high-
valued chemical feedstocks.

While it is important to recognize the value of investing in
demonstration projects focused on low-risk and high-reward
gains (i.e., application of derivative knowledge), it is equally
important to recognize the potential of data science and
machine learning to enhance material discovery, as well as
explore how cycle hybridization or chemical looping integration
can enhance overall process efficiency.

Computational material science - RD&D opportunities exist
to help close knowledge gaps and increase our understanding
of TCH material redox behavior. Efficient water splitting mate-
rials require not only favorable thermodynamic properties,
determined by the energetics and defect formation mechanism
of a lattice oxygen vacancy, but also optimized kinetics mani-
fested through careful tuning of defect chemistry and structural
stability.>'”*'® In addition, an efficient water splitting material
must be durable enough to remain stable over many thousands
of redox cycles at high temperature, and at extremely low gas-
phase oxygen chemical potential, which thermally and chemi-
cally stress the crystal lattice on every cycle. Stability and
durability of the MOy are a direct result of degradation mechan-
isms underpinned by fundamental physical and chemical driv-
ing forces that result in phase evolution, phase separation,
dissolution, sintering, and reactions at interfaces. Given the
clear need to discover better performing materials, opportu-
nities to conduct both derivative and fundamental research
abound.

Since the emergence of ceria as the preferred non-
stoichiometric MOy in two step cycles - supplanting iron
oxides - there has been a concerted effort to modify its
thermochemical behavior while preserving the fluorite struc-
ture and its unique redox properties.’®*?'? Substituting per-
cent levels of Sm, Hf, or Zr for Ce proved useful in reducing
the reduction enthalpy and lowering the reduction tempera-
ture, however, reduction entropy also decreased which les-
sened the thermodynamic driving force for water splitting.”*°
Similarly, a promising group of Mn-based perovskite oxides
emerged - La,_,Sr,Mn,_,Al,05>*" and BaCe, »sMn 505> -
that reduced to a much greater extent than ceria at tempera-
tures ~1350 °C; however, these oxides also suffered from low
reduction entropy relative to CeO,. Therefore, as the field
continues to pursue derivative studies on small classes of
materials, there is a clear knowledge gap in our understand-
ing of how to modify and/or formulate the MO, composition
and electronic structure needed to increase reduction extent
at lower temperature while simultaneously preserving high
water-splitting efficacy.

Stepping into this gap is a new and exciting era of TCH
materials-by-design using first-principles theory and machine
learning. Computational frameworks have systematically
demonstrated their ability to identify and evaluate promising
candidates. Beginning with Wolverton and colleagues, who
pioneered computational approaches to screen oxygen vacancy
energetics, phase stability, and cation redox potentials in novel
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perovskite oxides,>*"**>*** others followed using physically
intuitive models*'® or crystal graph neural networks trained
by density functional theory (DFT)****? to capture complex
relationships in crystal structures needed to predict and screen
for redox activity. These works not only highlight the interplay
between local bonding environments and defect formation
energy, but have resulted in a substantial increase in the
number of compounds predicted to split water under TCH
reactor conditions.

One notable outcome of these frameworks is the discovery of
Cay3Cey/3TiysMn,30; (CCTM2112).2%° Briefly, first-principles
calculations identified CCTM as a stable perovskite oxide with
favorable redox properties through the following steps - the
oxygen vacancy formation energy was predicted to be 3.30 eV
placing it within the optimal range for redox cycling and lower
than that of CeO,, convex hull analysis confirmed phase
stability under water splitting redox conditions, and electronic
structure analysis revealed both A-site Ce*"’** and B-site Mn*"/>*
redox activity that is a very novel finding for a perovskite oxide.
Predictions were validated experimentally. This example high-
lights the transformative role of computational methods—first-
principles calculations and machine learning—in identifying
high-performance redox-active materials. Other groups funded
by DOE’s HydroGEN>" consortium have also demonstrated
equally successful computational frameworks tailored for
TCH material discovery by enabling targeted predictions of
thermodynamic and structural properties. Ample opportunities
remain to continue improving the predictive power of these
frameworks by extending models and workflows. For example,
more training data and experimental validation are needed to
capture MOy features of solid solutions, and to improve model
accuracy for “unseen” crystal structures.

Engineered material shapes of form factors - recently,
researchers have accepted the thermochemical limitations of
CeO, and instead focused on improving STH efficiency by
enhancing the capture and utilization of solar energy within
the material. This is accomplished by modifying the geometric
shape of ceria inside the solar reactor. Casting ceria into
reticulated porous ceramic structures revealed that high
surface-area engineered forms greatly increases gas-solid con-
tact enhancing heat transfer rates and reaction kinetics.?*”**®
Building on these observations, other works cast ceria into
various shapes via 3D-printing and found such ordered struc-
tures performed better than reticulated porous ceramic, espe-
cially at controlling temperature gradients through large
sections of material.”>® The 3D-printed materials not only
achieved a higher and more uniform temperature profile
compared to that of state-of-the-art reticulated structures, but
increased the specific fuel yield per unit volume for the same
solar radiative flux input, which directly improves both power
density and energy utilization. Engineered structuring of redox-
active MOy is at the forefront of modern TCH reactor design
and opportunities continue to evolve where baseline structures
can even be chemically modified to enable or enhance perfor-
mance, essentially activating inert support material to poten-
tially lower costs.>*°
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Alternative redox strategies - the high temperatures
required to reduce a non-stoichiometric MO, can be decreased
without manipulating the crystal’s electronic structure, as is
currently practiced, if chemical reducing agents such as
methane are introduced into the reduction step. While this is
common practice in the carbothermal reduction of oxide ores
in the metallurgical industry using solid forms of carbon, and
has been proposed and demonstrated specifically for solar
syngas production with fully-stoichiometric redox cycles,'® this
alternative is much less commonly proposed for non-
stoichiometric oxide cycles and thus presents an opportunity
to explore benefits and design trade-offs for TCH.

Taking CeO, as the example, a small number of
experimental®*"*** and theoretical®*® treatises have been pub-
lished that show much higher reduction extents for CeO,
(defect concentration — 6 > 0.2) can be obtained at tempera-
tures less than 1000 °C. Major advantages to this alternative
processes are: (1) a lower reduction temperature enables easier
coupling to thermal heat sources and reduces re-radiation
losses to the environment, and (2) the need for heat recovery
is greatly reduced, or in the case of ceria heat recovery is
completely eliminated. In fact, Krenzke and Davidson®** predict
a solar-to-fuel conversion efficiency of 39% for CO, splitting and
40% for H,O splitting without heat recovery using methane-
driven reduction. Syngas formed during MO, reduction can be
converted predominantly to H, using conventional water-gas
shift technology, though equilibrium constraints typically leave
traces of CO or CH,>** which may require gas cleanup depending
on H, purity requirements. Regardless, high-purity H, can be
obtained in the re-oxidation step when feeding only steam.

Short of producing pure H, using carbothermal reduction,
syngas itself is a flexible intermediate for synthetic fuels,
chemicals, and materials. Thus an opportunity exists to posi-
tion TCH as a bridge to carbon-based circularity even if H,
generation becomes a lesser priority. Importantly, coupling
carbon capture and sequestration to the process, or using
biogas instead of natural gas as the reductant, would drastically
reduce the industrial emissions from conventional H, produc-
tion via steam methane reforming.**

Another underexplored pathway towards alternative reactor
concepts aimed at reducing the reduction temperatures of the
redox-active MOy is to introduce an electric potential to realize
electrolytic reduction.”*®**” As with chemical reduction, this
idea is not commonly proposed for a non-stoichiometric oxide
water splitting cycle and we are aware of only one report that
validates the hypothesis. Recently, an experimental demonstra-
tion of the thermoelectrolytic reduction of CeO, in a CeO,-YSZ
composite achieved reduction temperatures as low as 850 °C
with a 2 V applied potential, demonstrating H, productivity and
complete oxidation reversibility.>*® The operating principles of
electrolytic reduction are well known and studied in the field of
solid-state ionics. In this process, the thermoelectrolytic cycle
exploits the relatively large ionic and electronic conductivities
of redox-active mixed ionic-electronic conducting oxides at
elevated temperatures to effectively move oxygen ions and
electrons through the material using an electrochemical
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potential gradient that enables deep reduction at lower tempera-
tures compared to thermal reduction. Preliminary thermodynamic
analysis shows that when using concentrated solar irradiation as a
heat input, coupled to electricity from photovoltaic cells, STH
efficiency in excess of 30% is achievable. The process also offers a
means to offset electrical requirements with process heat.”****”
RD&D opportunities in this space exist for materials discovery and
developing optimized electrochemical cells.

Integrated systems and TEA - upscaling, development, and
commercialization of the TCH production pathway would
greatly benefit by narrowing the TRL gap between the water
splitting reactor (i.e., the system that converts thermal energy to
H,) and the remaining system components that store thermal
energy, recover and recycle thermal energy, separate and purify
gases, and compress product gases for downstream delivery.
The solar-powered H, production reactor is at TRL 4-5. How-
ever, other integral components needed to complete the system
are at TRL 1-2 because of the extreme environments and
unique operating conditions encountered in the two-step
non-stoichiometric MO, cycle. For example, ultra-high tempera-
ture thermal energy storage and heat transfer components are
notional or lab-scaled,**° and novel ideas for efficient separa-
tion of H, from excess steam,”*° or maintaining low O, partial
pressure in reduction,*’ are just beginning to emerge. And
while TCH systems have the potential to advantageously inte-
grate with downstream synthesis processes for chemicals like
ammonia, methanol, and sustainable aviation fuel, designs for
optimal thermal integration and pressurized oxidation strate-
gies capable of efficiently delivering H, or syngas directly to
downstream synthesis platforms at required process conditions
have not been reported.

TEA of full-scale, integrated systems would help identify
prospective pathways to market,”** expose and help address key
gaps in our understanding of system integration strategies, and
stimulate needed RD&D beyond the H, production reactor.
However, since concepts for the aforementioned advanced
system components are immature, an alternative computa-
tional framework for conducting TEA is used (see SI). This
alternative approach separates the cost of energy, derived from
a concentrating solar power plant, from that of the hydrogen
conversion (HC) plant - whose system boundary starts with
energy input from the solar radiation (SR) plant. This separa-
tion provides an opportunity to input the energy required to
produce H, in multiple ways without having to redo the
analysis, thus facilitating the exploration of a wide range of
potential new configurations in future studies. Furthermore,
costs for HC and SR are based entirely on material costs (like
concrete and steel that are precisely known) with single multi-
pliers to simplify TEA, as opposed to summing over individual
components in a detailed though uncertain plant design as is
traditionally done.'®*** More importantly, material intensity
and power density (see Table 4) scaled by reactor volume is
used to calculate HC CAPEX establishing an explicit link
between these two metrics in affecting system cost. Fig. 12
shows a waterfall chart for the levelized costs for H, production
derived from this more simplistic approach. Formulating and
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Fig. 12 Waterfall chart derived from TEA of a TCH process using methods
described in this section. The cost of energy (LCOHCgngrgy) dominates Hy
production cost in this example where a concentrating solar power plant
(SR) provides thermal energy to the H, conversion process (HC). This
analysis exposes a need to reduce SR material intensity and exploit novel
heliostat field designs that decrease SR factors in order to achieve costs
targets. Similarly, HC material costs that are determined by the metrics
described in Table 4, and are influenced by scaling and learning, have a
significant impact on breaking the $2 kg~ H, barrier.

understanding cost tradeoffs between choosing a lower per-
forming material (reflected in the power density) if the system
can be realized using a lower material intensity, relative to a
competing concept, are easily visualized using this approach.
As with other more traditional methods of TEA, single multi-
pliers embody scaling, learning, land use, and operational
factors that can be directly linked to and informed by a
component-based approach. The chart in Fig. 12 is consistent
with current thinking about how the cost of energy dominates
the TCH technology landscape, and where design improve-
ments that reduce material intensity for both SR and HC are
needed to achieve ultimate cost targets.

Economics will ultimately define the success of TCH tech-
nologies. The levelized cost of hydrogen must be driven down
by targeting the largest cost contributors with the discipline
and foresight gained by developing a comprehensive technol-
ogy development roadmap. Here, there is need and opportunity
for the community to develop such a plan.

5. Closing remarks

Hydrogen production technologies based on PEC, BioH,, and
TCH water splitting represent three distinct but complementary
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pathways toward a carbon-neutral, secure and resilient energy
future. Each offers unique operational modalities and process
architectures that collectively broaden the technological land-
scape for sustainable hydrogen generation. Importantly, these
approaches do not converge on a singular, optimal solution,
but rather open a suite of options that can be matched to
geographic, economic, and infrastructural conditions. In so
doing, they offer differentiating strategies to support the diver-
sification and resilience embodied in the H2@Scale model.

Despite differences in scale, energy input, and feedstock
compatibility, the PEC, BioH,, and TCH platforms share a set of
cross-cutting technical challenges that must be addressed to
achieve cost-competitive, durable, and efficient systems. Cen-
tral to all is the imperative to develop robust materials and
operations capable of withstanding uniquely challenging and
variable operating environments, including exposure to con-
centrated sunlight, high temperatures, feedstock variability, or
reactive intermediates. Stability over prolonged operational
cycles, resistance to fouling and degradation, and compatibility
with system integration requirements remain critical barriers.
The U.S. DOE BES has recognized that a deep mechanistic
understanding of chemical reactions, interfacial phenomena,
and materials transformations underpinning degradation phe-
nomena at relevant operating conditions is needed to address
these barriers.>** For example, in PEC systems, light-driven
catalysis involves complex interfacial charge dynamics and
competing recombination pathways, where small changes in
catalyst morphology or surface chemistry can significantly
influence performance and stability. In BioH, configurations,
understanding microbial metabolism and electrode-biofilm
interactions under electrochemical stimulation enables the
development of strains and materials tailored for high conver-
sion efficiency and fouling resistance. TCH systems require
detailed insight into redox thermodynamics, oxygen exchange
kinetics, and sintering or phase segregation phenomena in metal
oxide materials under thermal stress. Fundamental science plays
an indispensable role in overcoming these challenges.

At the system level, engineering solutions must account for
not only component optimization but also reactor integration,
thermal management, gas separation, H, storage and trans-
port, and process scalability. PEC systems must integrate light
absorption across the solar spectrum and operate at low over-
potentials to enable chemical conversion efficiency while main-
taining compact, modular designs. They must also manage
alternating on-and-off states and variable insolation over days
and seasons. BioH, systems require innovations for process
intensification, in reactor architecture as well as feedstock
processing, that support continuous operation in spite of feed-
stock variability. TCH systems demand reactor designs capable
of tolerating ultra-high temperatures and thermal cycling while
maximizing solar energy capture and conversion efficiency. The
importance of coupling materials and system design—through
coordinated co-development—is increasingly recognized as
essential to accelerate progress toward commercial readiness.

Importantly, these technologies serve distinct deployment
contexts. PEC and BioH, systems offer promise for distributed,
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decentralized hydrogen production in regions lacking extensive
energy infrastructure, enabling flexible integration into local
energy systems or industrial processes. Their potential to utilize
low-grade or waste inputs, such as wastewater, agricultural
residues, or diffuse solar irradiation, supports circular economy
principles and resource efficiency. Decentralized production
places dispatchability in the forefront, so that H, can readily
be moved to wherever it is needed. In contrast, TCH systems are
inherently more centralized and thermally intensive, making
them suitable for industrial-scale H, supply in regions with
high solar direct normal irradiance and existing large-scale
pipeline and chemical processing infrastructures able to take
advantage of TCH’s thermal integration potential. These differ-
ences in deployment scale and regional suitability emphasize
the complementarity of the three pathways rather than compe-
tition, positioning them as mutually reinforcing elements
within a diversified hydrogen production portfolio.

The path forward necessitates a coordinated research and
development agenda that leverages advances in both funda-
mental science and engineering. Priorities include the devel-
opment of multifunctional materials with high selectivity and
durability, reactor systems that can maintain performance
under fluctuating environmental and load conditions, and
scalable architectures that minimize cost while maximizing
H, yield. In parallel, continued innovation in modeling, simu-
lation, and data-driven design will play a critical role in accel-
erating discovery and de-risking scale-up. Cross-platform
learning, where advances in one pathway inform break-
throughs in another, offers a unique advantage in the develop-
ment of complementary and adaptable hydrogen production
solutions.

As global decarbonization goals intensify and renewable H,
emerges as a central energy carrier, enabling a diverse set of
production technologies becomes increasingly important. PEC,
BioH,, and TCH systems together offer a rich landscape of
opportunity—spanning distributed and centralized scales, low-
and high-temperature processes, and electrical, biological, and
thermal energy inputs that by design are not strongly depen-
dent on grid electricity. By advancing these platforms in
parallel, the research community can ensure a resilient,
context-sensitive hydrogen supply that meets the demands of
H2@scale.
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