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ABSTRACT

An Oxygen Transport Membrane (OTM) combined reforming technology for producing syngas and
hydrogen integrates the advantages of multiple processes—steam methane reforming (SMR), autothermal
reforming (ATR), an air separation unit (ASU)—into a single integrated technology. The OTM consists
of a primary reforming tube, in which desulfurized natural gas is partially reformed by steam at high
pressure in the presence of a metal catalyst. This process is followed in series by a ceramic OTM with a
secondary reformer, in which residual methane reforms and O? ions react with a portion of the CO and H;
fuel to provide the heat to support both primary and secondary reforming.

Although the OTM combined reformer technology for syngas and H, production has been substantially
developed in the last decade, several challenges that affect the overall production efficiency and reliability
are yet to be fully understood, addressed, and resolved. Therefore, developing Computational Fluid
Dynamics (CFD) models that incorporate fluid dynamics, mass transport, kinetics, heat transport, and
structural mechanics is critical to understanding and minimizing the probability of tube failures during the
startup and operation.

In this report, an exhaustive literature review was performed to survey the current state of technology for
producing syngas and H; using either conventional or renewable energy sources. The feedstocks reviewed
include natural gas and coal for the conventional technologies, whereas biomass, solar, wind, and nuclear
energy for the renewable technologies.

The existing industry-grade COMSOL multiphysics models of OTM were upgraded for the latest
software release. In addition, they were improved to help achieve grid and solver independence and were
successfully ported on the ORNL high-performance computing clusters to speed up their run times. A
42% reduction in the simulation run time was achieved.

A new higher-fidelity CFD model of an OTM tube was developed in the StarCCM+ simulation platform.
This new model was designed to simulate various physics using first principles, e.g., turbulent flow, heat
transfer, and chemical reactions while avoiding unnecessary simplifications. The resulting predictions
were qualitatively assessed and provided useful insights into the multiphysics complexity of an OTM
tube.



1. STATEMENT OF OBJECTIVES

1.1 BACKGROUND

Synthesis gas, or syngas, is a fuel mixture composed of carbon monoxide, and hydrogen. It is primarily
produced via gasification of a carbon-containing fuel such as natural gas, coal, biomass, or another
hydrocarbon feedstock. Syngas is a crucial intermediate resource for many refineries, metallurgical
facilities, and chemical industries when producing hydrogen, carbon monoxide, ammonia, methanol, and
synthetic gasoline and diesel fuels.

Steam-methane reforming (SMR) is a widely adopted process for production of syngas, wherein methane
in natural gas partially reacts with steam at high temperature (700-1000°C), in the presence of a catalyst.
Sometimes, high purity O is added in a secondary autothermal reforming (ATR) step to increase the
methane conversion and modify the H,/CO ratio of the syngas product. Traditionally, the oxygen is
supplied by a cryogenic air separation unit (ASU), which accounts for a significant portion of the capital
costs and imposes a significant energy requirement on the combined reforming process (SMR and ATR).
In addition, these processes are known for high rates of carbon dioxide emissions.

Oxygen Transport Membrane (OTM), a relatively new technology, has undergone significant research
and development to convert methane to syngas, a reaction that consumes oxygen. Most OTM materials
are permeable to only oxygen at temperatures higher than 700°C. However, the thermal energy required
to heat OTMs is found to be significantly less than that for other forms of oxygen production. Integrating
OTMs into the energy production process can reduce energy consumption and production cost by 35%
compared to the conventional oxygen separation technology (Gupta et al., 2015).

The heat required for the ceramic based OTMs can be acquired from heat exchange with boiler and flue
gas circulation. Despite many advantages, OTMs have not been widely applied in the industry because of
their low chemical stability (Yang et al. 2005) and the need for high temperature sealing technology.
Recently, industries such as Praxair (Bonaquist et al. 2004) and AZEP (Sundkvist et al. 2007) performed
numerous studies to improve these aspects and applied OTMs into their industrial processes that required
an oxygen stream.

An integrated OTM and hydrogen transport membrane (HTM) with a porous ceramic substrate and a
palladium film coating was developed and tested by Praxair (Schwartz et al. 2010). The OTM-HTM
membranes integrated the syngas generation, shift reaction, and hydrogen separation into a single
membrane-reactor separator. These membranes were based on ceramic mixed with conducting materials
and could operate at 800-1,000°C. The OTM-HTM membranes showed excellent performance, thus
enabling the integrated water gas shift membrane reactor to perform better than conventional WGS and
PSA.

1.2 OTM TECHNOLOGY

Linde’s OTM syngas technology (previously Praxair’s) was developed by combining primary SMR,
secondary ATR, and air separation unit (ASU) features into a single package to improve syngas
production efficiency (Praxair 2014, Li 2018).

An OTM-combined reformer system consists of (1) a primary reforming tube in which desulfurized
natural gas is partially reformed by steam at a high pressure in the presence of a metal catalyst, followed
in series by (2) a ceramic OTM with a secondary reformer in which residual methane reforms and O
ions react with a portion of the CO and H; fuel to provide the heat to support both primary and secondary
reforming. This novel syngas production technique integrates the advantages of multiple processes in a



single integrated package. The OTM technology can be integrated with an integrated gasification

combined cycle (IGCC) system to increase the carbon capture rate and improve syngas production quality
(Praxair 2014, Li 2018).

A schematic diagram of the OTM technology is shown in Figure 1 (Li 2015) and Figure 2 (Li 2018). This
technology is built around high-density ceramic membranes that can effectively separate O, from
atmospheric air at high temperatures. These membranes are made of solid-state electrolyte materials that

can conduct oxygen ions and electrons and are permeable only to oxygen (and not other gases) at high
temperatures.

OTMs consist of an inert, porous support coated with electrochemically active layers which are oxygen-
selective at operation temperatures of 900—-1,000°C. Oxygen molecules in the air adsorb onto the
membrane surface (active layers), dissociate to oxygen atoms, and then combine with electrons that
migrate from the other side of the membrane to form oxygen anions (O%), which are transported across
the OTM. The rate of oxygen transport across the membrane is referred to as oxygen flux. Fuel species
(H2, CO) diffuse through the porous support and combust with oxygen anions at the membrane surface to
form oxidation products (H20, CO,). Because the driving force is provided by high temperatures and
partial pressure of oxygen differentials, an OTM can function without an external circuit. Additionally, a
secondary reforming catalyst is deposited onto the fuel-side of the OTM to reform residual methane.

As shown in Figure 1 (Li 2015) and Figure 2 (Li 2018), a mixture of natural gas and steam is fed into the
primary reformers and partially reformed syngas (H,, CO, CO,, CH, , H,0). The mixture then enters the
OTM secondary reformers. Syngas and natural gas (CO, H,, CH,) diffuse through the porous support
layer and then combust with oxygen anions (02") at the active anode. The heat released from the
combustions at the active anode radiates to the neighboring tubes (Figure 2) to support the endothermic
reforming reactions in the primary and secondary reformers.

NG + Steam
to reformers

Product
Syngas

OTMs

Reformers

[s,

Thermal integration

N N AT AT,
\\\ L\ \\\\\\\\\ AN

Figure 1. OTM technology—integrated combined reformer panel array (Li 2015).



Partially Reformed Syngas
(H,, CCOZ, CH,, H,0)

-

Primary Reformer
(SMR)

OTM Tube
(ASU + ATR)

Air

Mixed Feed
(NG + steam)

Figure 2. Combined reforming in a single integrated, efficient package (Li 2018).
1.3 OBJECTIVES

Although the OTM combined reformer technology for syngas and hydrogen production has been
substantially developed in the last decade, several challenges that affect the overall production efficiency
and reliability are yet to be fully understood, addressed, and resolved. For example, successful operation
of OTMs has been demonstrated consistently on a small scale of <50 OTMs. However, during several
intermediate-scale tests (~250 OTMs), tube failures have occurred during reactor start-up. These failures
have been attributed to thermal gradients arising in the system due to complex heat transfer interactions
involving coupled convection and radiation physics. Therefore, development of highly accurate
computational models, which incorporate fluid dynamics, mass transport, kinetics, heat transport and
structural mechanics, is critical for understanding the startup failures and identifying pathways to a
successful scaleup and operation.

The following project objectives were addressed and documented in this report:

¢ Review the state-of-the-art of technology for syngas and hydrogen production using the
conventional and renewable energy sources;

e Improve the numerical stability, solver performance, and scalability of the existing COMSOL
multiphysics models on high-performance computing systems;

o Develop a higher fidelity CFD model of an OTM tube bundle using appropriate physics models
such as chemical reaction kinetics, transport phenomena (heat, mass, and momentum),
electrochemistry, and their multiphysics couplings; and

e Evaluate the role of high-performance computing and advanced modeling and simulation to help
achieve decarbonization objectives across the syngas and hydrogen economy.



2. BENEFITS TO THE DOE FUNDING OFFICE’S MISSION

This project was in support of the HPC4Mfg Program, sponsored by the DOE's Advanced Manufacturing
Office (AMO) within the Office of Energy Efficiency and Renewable Energy. This program is focused on
making U.S. manufacturing more efficient and productive while reducing carbon emissions.

In addition to conducting cost-shared research, development, and activities related to next-generation
technologies and processes, AMO provides funding for initiatives that will significantly reduce energy-
related emissions, industrial waste, and the energy consumption of manufactured goods throughout their
lifecycles. In collaboration with private and public stakeholders, AMO works to decarbonize industry and
boost the competitiveness of the U.S. manufacturing sector and clean energy sector through process
innovations, research and development, and training and technical assistance.

The OTM technology has the potential to significantly improve syngas production efficiency, with
applicability to numerous applications, including gas-to-liquid (GTL) and methanol production. More
energy efficient processes will improve profitability and sustainability of natural gas conversion
technologies. For example, the OTM technology is estimated to yield the following benefits per unit of
methanol produced for small modular methanol production relative to conventional SMR technology: (1)
a 23% reduction in syngas cost of production, (2) a further 19% reduction in syngas island capital cost,
(3) a 22% reduction in fuel consumption and a 61% reduction in power consumption for syngas
production, and (4) an 80% reduction in the CO; footprint for the syngas island.

In summary, this project will help realize the following key benefit to the funding office’s mission:

e Improvements in syngas and hydrogen production processes that results in significant reductions
in lifecycle energy consumption and carbon emissions.



3. TECHNICAL DISCUSSION OF WORK PERFORMED BY ALL PARTIES

3.1 REVIEW OF THE CURRENT STATE OF TECHNOLOGY

This section reviews the current state-of-the-art technology for hydrogen production using traditional
resources (fossil fuels) and renewable resources (biomass and water).

3.1.1 Introduction

Because of the consequences of climate change resulting from the release of carbon dioxide and
greenhouse gases, as well as fossil fuel depletion, it is essential for human beings to approach future
energy sources that are sustainable and free from carbon (Conte et al. 2001, Lior 2002, Blok 2005, Lund
2007, Nikolaidis and Poullikkas 2017). Hydrogen is the only carbon-free energy carrier and an abundant
element on Earth; however, it usually occurs with other elements. Hydrogen has been widely considered
an environmentally benign secondary form of renewable energy (Momirlan and Veziroglu 2002, 2005,
Nikolaidis and Poullikkas 2017).

Hydrogen can play an essential role in a transition to a low-carbon economy. Currently, hydrogen is
primarily used in several applications:

As a chemical component in ammonia (NHs) production (fertilizers)

As a chemical feedstock and catalyst

As a hydrogenating component for food and drug production

As a chemical component in petrochemical and refinery processing

As a low-carbon fuel for transportation, electricity generation, and manufacturing

Hydrogen can be produced from many processes that can be categorized as either conventional or
renewable technologies. The feedstocks used include natural gas and coal for the conventional
technologies, whereas biomass, solar, and wind are used for the renewable technologies. Hydrogen
produced through these processes can be stored, transported, and delivered, and it can also be used to
produce electricity if necessary (see Figure 3). It is also critical to point out the vital contribution of the
energy storage system (Dell and Rand 2001, Hall and Bain 2008, Hadjipaschalis et al. 2009), which must
be flexible enough to (i) maintain the energy stored for the desired duration and (ii) to supply energy for
use when needed.

The conventional method of hydrogen production using traditional resources or fossil fuels can be
accomplished through hydrocarbon reforming and pyrolysis (See Figure 4). The hydrocarbon reforming
process includes chemical techniques such as steam reforming, partial oxidation, and autothermal steam
reforming. Hydrogen can also be produced using renewable resources such as biomass and water (See
Figure 5). Thermochemical and biological processes are applied to process the biomass materials. Each
method includes several different technologies. Thermochemical methods use pyrolysis, gasification,
combustion, liquefaction technologies, and bio-photolysis and biological fermentation methods. As a
renewable resource, water can be used to produce hydrogen through water-splitting processes such as
electrolysis, thermolysis, and photo-electrolysis. Several processes in the traditional and renewable
categories of hydrogen production use and generate carbon dioxide. For example, in the traditional
category, steam methane reforming occurs in the hydrocarbon process of fossil fuels, and pyrolysis and
gasification of biomass and plastic waste result from thermochemical processing of renewable sources.
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Figure 3. H2@Scale vision showing that hydrogen can be produced from fossil fuels and renewable sources.

Hydrogen is also a central input to many important end uses in the industrial, chemical, and transportation

sectors (www.energy.gov/eere/fuelcells/h2scale). These processes and available technologies could provide

the lowest cost for producing zero-carbon hydrogen when combined with carbon capture, utilization, and
storage (CCUS) technologies (DOE 2020).

3.1.2 Hydrogen Production from Fossil Fuels
3.1.2.1 Hydrocarbon reforming process

Technologies such as hydrocarbon reforming and pyrolysis have been successfully developed and applied
to fossil fuels for producing hydrogen. Up to this point, hydrogen has been produced 48% from natural
gas (NG), 30% from the heavy oil and naphtha reforming in refinery/chemical industrial off-gases, 18%
from coal gasification, 3.9% from water electrolysis, and 0.1% from other sources (Kothari et al. 2008,
Balat and Kirtay 2010, Nikolaidis and Poullikkas 2017, Muradov and Veziroglu 2005, lulianelli et al.
2016). In the United States, hydrogen production is 99% sourced from fossil fuels, with 95% coming
from natural gas by steam methane reforming, and 4% from partial oxidation of natural gas via coal
gasification (DOE 2020).

Steam Methane Reforming (SMR) Method

Steam methane reforming (SMR), or steam reforming of natural gas, the main component of which is
methane, is the most common process and is used predominantly in industry for hydrogen generation.
However, SMR results in the emission of carbon dioxide and other greenhouse gases, which have a
significant negative impact on the Earth’s climate (Balat and Balat 2009, lulianelli et al. 2016). The SMR
process mainly involves a nickel-based catalytic conversion of hydrocarbon (methane) in the presence of
steam to hydrogen (Hz) and carbon monoxide (CO) gases, which is called synthetic gas, or syngas.
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Figure 4. Hydrogen production processes from fossil fuels
(adapted from Nikolaidis and Poullikkas [2017]).

The produced syngas is then shifted through water-gas shift (WGS) reactors to increase the amount of H,
in the gas product as much as possible and to convert carbon monoxide to carbon dioxide (COy).

Hydrogen is subsequently separated from the produced gas stream using the pressure swing adsorption
(PSA) technique. After the PSA separation, the residual gas, which contains mainly CO, and a minimal
amount of hydrogen, can be recycled or combusted to generate the thermal energy for the reforming and
WGS processes. Although the SMR process has been applied in hydrogen production for several decades,
further improvement is needed. The SMR process is typically carried out at 800-900°C, and 15-30 x 105
Pa with the presence of nickel on alumina support, requiring a significant amount of energy. In addition,
the SMR process requires the use of high-cost reformer tubes made of expensive alloy, as well as a
typical industrial-scale reformer containing an array of catalyst-filled tubes within a large furnace to
supply the thermal energy required for the endothermic reforming process.

One of the most serious issues of methane conversion is the limitation of thermodynamic equilibrium to
crack the methane formulas: reversible reactions that must be within the range of 800-900°C. Carbon
formation can occur at such a high-temperature range and could form blockages on reformer tubes that
would increase total pressure drops and lead to catalyst deactivation (Trimm 1997, Barelli et al. 2008). To
avoid catalyst deactivation during the SMR process, temperature, pressure, and gas compositions must be
carefully controlled. More research is needed to develop new concepts to improve the SMR process in
hydrogen production to reduce the capital cost and further contribute to natural gas's decarbonization
pathways.

Advanced Catalyst

First, the SMR process can be improved by enhancing the catalyst’s performance to acquire as much
hydrogen as possible while minimizing the negative effect of carbon formation and sulfur poisoning
(lulianelli et al., 2016). Numerous studies have contributed to developing advanced catalysts to mitigate
the sintering and coke formation, which, if happens, will cause an increased pressure drop and
deactivation of catalyst, thereby enhancing hydrogen production efficiency and system stability and
reducing the required energy input.

For example, Homsi et al. (2014) tested the synthesis of a ruthenium-based catalyst on cobalt,
magnesium, and mixed aluminum oxides support in the SMR process. They found that the Ru/CosAl;
catalyst performed better than the Ru/Al,O3 that is commonly used in industry. The hydrogen production



was highest, accompanied by the lowest CO production over the Ru/CosAl; solid. Although Homsi et al.
(2014) noticed the formation of carbon and coke deposits resulting from methane decomposition, the
Ru/CogAl; catalyst was stable for 100 hours on stream under the extreme SMR process conditions.
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Figure 5. Hydrogen production processes from renewable sources
(adapted from Nikolaidis and Poullikkas [2017]).

Roy et al. (2014) studied the Pd—Rh/metal foam catalyst for the SMR process. Methane conversion and
hydrogen yield were better than the industrial-type alumina-supported catalysts. Moreover, it was found
that the Pd—Rh/metal foam catalyst exhibited good stability in the harsh conditions of the SMR
environment. However, a small amount of coke deposition was found on the catalyst after 200 hours.

Mei et al. (2014) experimentally and theoretically investigated MgAl.Os-supported Rh and Ir catalysts for
the SMR process. They reported that the MgAl,O4 spinel-supported Irsy particles had the highest methane
steam reforming reactivity, high stability, and resistance to coke formation.

Among all investigated catalysts with high catalytic activity and less coke formation, Ni-based catalysts
received the most attention and are commonly used in the SMR process because of their low cost.

Chihaia et al. (2012) performed the SMR process at low temperatures for hydrogen production on two
versions of alumina-supported Ni catalysts with added gold and silver. Ni-Au/Al and Ni/Ce—Al were
active and stable catalysts for the SMR process at 450-550°C. In addition, Ni—Au/Al had higher CO;
selectivity and slightly higher methane conversion, whereas Ni/Ce—Al had better performances at 700°C
because of its better stability in time.

Nieva et al. (2014) reported the SMR process on four nickel-based catalysts: Ni/a-Al,O3, Ni/SiO2, Ni—
Zn—Al, and Ni—-Mg-Al. Their results show that the Ni-Zn—Al catalyst had the highest activity, with the
lowest production of carbonaceous deposits in the range of 500-600°C. Furthermore, the sintering effect
was not observed under SMR reaction conditions, indicating that this type of catalyst is suitable for
industrial applications.



Membrane Reactors

Numerous research efforts have been dedicated to improving the SMR reaction by employing membrane
reactors instead of conventional reactors. Particularly, Pd-based membranes have received the most
attention because of their high hydrogen separation ratio. However, challenges of the Pd-based
membranes include the low hydrogen permeability, mechanical resistance, and high costs, making their
large-scale industrial applications difficult.

lulianelli et al. (2010) performed the SMR process in a dense Pd—Ag membrane reactor packed with a Ni-
based catalyst at 400-500°C and relatively low pressure (1.0-3.0 bar). They demonstrated that the Pd—Ag
membrane reactors provided 50% methane conversion—which is better than a fixed bed reactor under the
same conditions—and they also provided a 70% high-purity hydrogen recovery.

Saric et al. (2012) carried out SMR tests using a bench-scale Pd-membrane reactor under realistic
operating conditions of 580°C and 28 bar. It was shown that the obtained methane conversion was higher
than 90% with high hydrogen purity (80-95%), and the process had a reasonably high recovery of 60—
80%. Furthermore, the membrane reactor’s performance was stable for almost 1,100 hours, and the
average conversion for this long-duration test was 86%. The CO content in the permeate was found to be
within a range of 59-154 ppm, whereas the CO, concentration was at approximately 12%. However, an
increase in CO; concentration was reported in the long-duration experiments, indicating the increase of
the leak flow.

Hwang et al. (2012) designed and tested a multi-membrane reformer consisting of two single modules
containing coin-shaped nickel-metal catalysts and a Pd-based membrane, for the direct hydrogen
production via a steam-reforming reaction of methane. The steam reforming process was conducted in
relatively high-pressure operation ranges (= 21 bar) without sweep gas. The methane conversion and
hydrogen production rate were measured for various test conditions. Results were reported for the high-
performance and high hydrogen production rate of the Pd-based membrane and the porous metal catalyst.
The methane conversion, the rate of hydrogen separation, and the hydrogen purity were 75%, 30.6 L/h,
and 99.95%, respectively, under conditions of 540°C, steam to carbon ratio S/C = 3.0, and 20 bar. Hwang
et al. (2012) describe the potential advantages of the simple design and preparation of the compact multi-
membrane reformer, which can operate in relatively high-pressure ranges, and modules can easily be
stacked to further enlarge the reformer for increased hydrogen production capacity.

Dittmar et al. (2013) introduce two types of Pd composite membranes that were developed for the SMR
process. The membranes were made of the porous metal support, a porous ceramic diffusion barrier, and a
dense Pd layer that was manufactured using physical vapor deposition. The long-term tests show that the
SMR can be carried out for several hundred hours using the developed Pd membrane reactors at a high
methane conversion and high hydrogen recovery.

Basile et al. (2011) carried out the SMR reaction at relatively high pressures (3.0-9.0 bar) in a Pd-Ag
membrane reactor packed with a Ni—ZrO catalyst. The test results indicate high thermal stability and
strong resistance against coke formation, demonstrating better Pd-Ag membrane performances than the
Ni—Al,O3 catalyst. At 450°C and 4.0 bar, methane conversion of 65% and 1.2 I/h hydrogen without CO
were obtained, in addition to recovering 80% COx-free hydrogen over the total hydrogen produced during
the reaction.

Boeltken et al. (2014) developed a novel metal-based modular microstructured reactor with an integrated
Pd-membrane (U-EnHzancer) for hydrogen production through the SMR process. The Pd membranes used
thin Pd foils measuring12.5 um that were leak-tight integrated with laser welding between
microstructured plates. The p-EnHzancer membrane made a very compact system with subordinated
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concentration gradients to provide high volumetric hydrogen production rates of up to 472 Nm3H2/(m®h).
The p-EnHzancer membrane was tested in SMR operation at 550°C and at retentate pressures up to 12 bar
on a highly active Rh/Al,Os catalyst. The results show a high hydrogen purity (>99.5%) and ideal H./N;
permselectivities at 500°C and 6 bar feed pressure.

Fluidized-Bed Membrane Reactors

Fluidized-bed membrane reactors have been the subject of many studies as part of the effort to develop an
alternative solution to conventional reactors.

Chen et al. (2007) investigated the performance of a bubbling fluidized-bed membrane reactor for
hydrogen production using Pd—Ag planar membranes, as well as an SMR catalyst and an autothermal
reforming (ATR) catalyst. The operating conditions were at 500-600°C and 1,500-2,600 kPa. The results
indicate that the ATR catalyst outperformed the SMR catalyst: the hydrogen permeation fluxes were 9-18
Nm?*/m?h for the ATR catalyst and 4.8-12 Nm*/m?h for the SMR catalyst, and both SMR and ATR
operations had higher performance than those reported in the literature.

Mahecha-Botero et al. (2008) tested a pilot-scale fluidized-bed membrane reactor for hydrogen
production under the SMR and ATR operating conditions, without membranes and with membranes of
different total areas. The results show a very high hydrogen permeation purity (99.995%) and a pure-H,-
to-natural-gas yield of 2.07, with only half of the full complement of membrane panels active under SMR
conditions. Mahecha-Botero et al. (2008) also determined that the membrane longevity was enhanced by
maintaining the axial temperature variations along each membrane panel within 20°C. However, some
reverse reactions in the reactor freeboard were observed, which reduced overall methane conversion.

Andres et al. (2011) tested a novel pilot fluidized-bed membrane reformer with permselective Pd-
membranes and used a limestone sorbent to remove CO, in-situ. This method could shift the
thermodynamic equilibrium to enhance pure hydrogen production. The tested reactor was operated at
525-600°C and 10 bar and was fed with methane to fluidize a mixture of calcium oxide (CaO)/limestone
(CaCO3) and a Ni-alumina catalyst. Results from Andres et al. (2011) indicate the maximum carbon
capture efficiency of 87%, which is a maximum of 0.19 mol of CO, adsorbed per mole of CaO during
carbonation, thus demonstrating limestone’s ability to adsorb CO- that results from the SMR process.
However, the sorbent’s ability to capture CO> decreased with time. Andres et al. argue that the in-situ
CO;, capture enhanced the hydrogen production purity to higher than 99.99%.

Oxygen transport membrane (OTM)

Yang et al. (2013) developed an integrated reactor system combining an oxygen-permeable
Lao6Sro.4Coo.sNio205-5 (LSCN) perovskite ceramic hollow fiber membrane with a Ni-based catalyst for
hydrogen production through oxy-CO; reforming methane (OCRM). The OCRM reaction was performed
at 650-800°C with a packed Ni/Al,O; catalyst around the LSCN hollow fiber membrane. CH4 and CO;
were used as reactants, and the air was used as the oxygen source. It is reported that the OCRM reactor
had a very high methane conversion (up to 100%), a very high CO selectivity (almost 100%), and an
H,/CO ratio of 0.93. Compared to the dry reforming of methane reactors, the proposed process had a
lower CO; conversion but higher energy efficiency, catalyst stability, and hydrogen yield.

Anderson et al. (2016) summarized recent developments of Air Products and Ceramatec in ion transport
membranes (ITMs) for oxygen and syngas production. The OTM using ceramic mixed conducting ion
transport membranes was demonstrated at an industrial scale to produce large quantities of oxygen. The
OTMs were tested for a very long duration as required for commercial applications, and they maintained
high purity oxygen production.

11



Zhou et al. (2019) carried out laboratory-scale tests using a CeosSmg202-5-40 Sr2Fe15M0p505+5 (CSO-
SFMO) dual-phase oxygen-permeable membrane with a porous layer for syngas production from methane
and a mixture of water and air. When the developed OTM was used as a membrane reactor, two synthetic
gases with an Ha/N: ratio of 3 and an H2/CO ratio of 2 were obtained.

Micro Membrane Reactors

Micro membrane reactors are an emerging research topic and are being developed in various planar
microchannel, hollow-fiber, and monolithic configurations for hydrogen production. However, some
challenges associated with micro-membrane reactors must be addressed. For instance, very thin
membranes characterized by very small grains and a high-density grain border could lead to grain size
growth, impurities, grain border diffusion, and alloy segregation.

Mejdell et al. (2009) tested the performance of a microchannel membrane configuration with a thin self-
supported Pd/Ag23 wt.% membrane (= 1.4 pm) on top of six parallel channels with dimensions of 1 x 1 x
13 mm. The influence of feed flow rate and pressure was analyzed with respect to effects arising when
hydrogen permeates from mixtures. Mejdell et al. (2009) found that the membrane could withstand
differential pressures up to 470 kPa, and recommend designing a compact, efficient microchannel
membrane reactor system for hydrogen production and separation.

Garcia-Garcia et al. (2010) developed a novel catalytic hollow fiber membrane microreactor consisting of
a thin Pd layer and a 30% CuQ/CeO catalyst supported on an asymmetric Al.O3 hollow fiber. The WGS
process was conducted at 1 atm, 200-500°C, and different sweep gas flow rates ranged from 50 to 75
ml/min. Garcia-Garcia et al. (2010) report that the catalytic activity of the hollow fiber membrane
microreactor was 35% higher than that in the conventional fixed-bed reactor.

Gil et al. (2012) developed a catalytic hollow fiber membrane microreactor combining the SMR/WGS
processes and hydrogen separation into a single compact unit. The membrane had a Pd-based hydrogen
separation layer and an asymmetric alumina hollow fiber substrate. The catalyst composed of the micro-
channels provided very high membrane surface area—to—volume ratios compared to traditional membrane
systems. The tests were carried at 300-600°C. The permeation flux was 14 L.m2.s' at 450°C and dP = 3
atm, indicating that the catalyst designs had sufficient activity in the temperature range shown above.

Partial Oxidation (POX) Method

The partial oxidation (POX) method converts steam, oxygen, and hydrocarbons to hydrogen and carbon
oxides. POX process is an exothermic process; therefore, it requires less energy input than the steam
reforming method. The POX method is the most appropriate technology for converting heavy
hydrocarbon feedstocks such as oil residues, naphtha, coal, and light hydrocarbon (methane) to hydrogen.
One of the major disadvantages of the POX process is the pure oxygen supply and high safety risk. In the
POX process, a significant portion of the hydrogen is produced from steam due to the lower hydrogen-to-
carbon ratios of heavy feedstocks used.

Non-catalytic POX can occur with methane, heavy oil, and coal at 1,150-1,315°C, whereas catalytic POX
can occur at a lower temperature of 950°C with methane and naphtha (Steinberg and Cheng 1989). In
non-catalytic POX, the syngas produced has a very high temperature at 1,200-1,400°C and high
impurities resulting from the heavy hydrocarbon feedstocks that must be cleaned and cooled (Elbadawi et
al. 2021). Texaco and Shell developed a non-catalytic POX that resulted in a high syngas yield at high
temperatures and pressures (Pen et al., 1996).

12



The catalytic POX process has been intensively investigated for many years. In general, introducing a
suitable catalyst into the POX process could significantly reduce the required high-temperature range of
1,200-1,500°C to 800-900°C. However, catalytic POX is negatively affected by sulfur content in the
feed, so a desulfurization system must be included before the catalysts, which otherwise, could be
poisoned. In the catalytic POX process, syngas is produced from hydrocarbon feedstocks and oxygen with
noble metals, such as Pt, Rh, Ir, and Pd, and non-noble metals, such as Ni and Co, in a single step
(Ghoneim et al. 2016). Schicks et al. (2003) tested nanoengineered catalysts for the high-temperature
direct oxidation of methane to syngas via a microemulsion-mediated sol-gel route. Developed catalysts
were added to Pt-salts and had large surface areas and homogeneous distributions of highly active Pt-
nanoparticles. It was demonstrated that the syngas yields significantly exceeded those of conventional
catalysts. In addition, high-temperature stability of the materials was observed, and there was no
measurable deactivation or metal particle sintering over the long duration of reactor operation.

Chemical-looping reforming is a novel process for partial oxidation of hydrocarbons that eliminates the
need for the addition of pure O.. In the chemical looping process, oxygen was provided by an oxygen
carrier catalyst, and NiO and MgAI.O. particles were used as bed material. The required temperature
range was 820-930°C. As in the steam reforming process, soots and carbon formation were typically
detected in this process. Kang et al. (2018) obtained syngas production with a ratio of H,/CO = 2 by using
a chemical looping process with a CH4-CO-, feed mixture on a ceria-enhanced mesoporous Fe;Os/Al,04
oxygen carrier. The promoted dry reforming by CO, was observed with the suppressed carbon deposition
and the increased syngas selectivity by CeO,. The proposed oxygen carrier increased syngas production
with a minimum carbon coking during the chemical looping process. Zhang et al. (2017) tested and found
that CaFe,04 and CazFe,Os were good candidates for oxygen carriers in the chemical looping oxidation of
solid fuels like coal and biomass. They showed a fast reaction rate, large oxygen-carrying capacity, good
reactivity, high CO selectivity, and good regeneration performance.

In the short contact time catalytic POX method, the feed flows through the gas-solid contact zone within
6-10 seconds at a temperature of 600—1,200°C. This process facilitates selective syngas formation and
inhibits chain reactions in the gas phase, resulting in high conversion of methane to syngas (Elbadawi et
al., 2021). Rennard et al. (2009) tested a short-time (30—90 ms) catalytic POX conversion of glycerol to
syngas and other chemicals using a nebulizer over 600°C. Rhodium catalysts were found to enhance
equilibrium selectivity to syngas, whereas platinum catalysts should be used with methylglyoxal,
hydroxyacetone, acetone, acrolein, acetaldehyde, and olefins. It was also noted that introducing water
steam could increase Hz composition in the produced syngas due to the WGS reaction.

Membrane reactors are quite suitable for the POX process because of their continuous and controllable
oxygen supply and chemical reaction in a single unit without hot spots (Bhavsar and Veser 2014).
Bhavsar and Veser (2014) contend that this technology could reduce operating costs and safety risks
compared with conventional POX reactors. However, membrane reactors often have stability issues due
to their low mechanical strength and the ability to scale up the process. The tubular membrane module
could overcome such challenges and might provide higher stability and the possibility to scale up (Wang
et al. 2019). Wang et al. (2019) tested a dual-function catalytic perovskite hollow fiber membrane reactor
for simultaneous NO decomposition and partial oxidation of the methane reaction. They found that the
coupled POX reaction on the other side of the hollow fiber membrane increased the driving force for
oxygen permeation and produced syngas. This novel membrane reactor showed high NO removal
capacity at 675-700°C, which was 100-200°C lower than other membrane reactors reported in the
literature.
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Autothermal Reforming (ATR) Method

The autothermal reforming (ATR) method uses the exothermic partial oxidation process to provide the
thermal energy needed and the endothermic steam reforming process to increase hydrogen production.
Generally, in the autothermal reforming process, steam and oxygen or air are injected into the reformer,
and the oxidation and reforming processes occur simultaneously (Nikolaidis and Poullikkas 2017). Using
methane as the feedstock, the autothermal reforming process had the thermal efficiency of 60—75%, the
optimum operating conditions were at inlet temperatures of approximately 700°C for steam to carbon
ratio S/C=1.5 and oxygen to carbon ratio O,/C=0.45, and the maximum hydrogen yield was about 2.8
(Erstz 2008, Holladay et al. 2009). Pd-based membrane reactors were applied and slightly improved the
fuel processor’s efficiency with a 20% volume reduction. In the studied simulations, Lattner and Harold
(2004) observed higher CH4 conversions, lower concentrations of H, and CO2, and higher CO
concentration at the retentate side. The efficiency improvement in the presence of membranes was
limited, because a temperature increase to 900°C could damage the membrane structures.

3.1.2.2 Hydrocarbon Pyrolysis

Hydrocarbon pyrolysis is a well-known process that involves thermal decomposition (or cracking,
pyrolysis) of methane and other hydrocarbons in air and/or a water-free environment with a production of
hydrogen and carbon (Muradov 2001). Thermo-catalytic decomposition of light hydrocarbons (the boiling
point between 50 and 200°C) is a single process producing hydrogen and carbon elements. In the case of
heavy residual fractions (boiling point higher than 350°C), hydrogen is produced by a two-step process
consisting of hydrogasification and cracking of methane (Muradov 1993, Nikolaidis and Poullikkas
2017).

Direct de-carbonization of natural gas can occur at temperatures up to 980°C at atmospheric pressure. The
methane decomposition pyrolysis reaction is a moderately endothermic process, so less than 20% of the
heat of methane combustion is required to drive the process (Muradov 2001). Furthermore, the
hydrocarbon pyrolysis process does not require WGS and CO, removal processes, and it produces an
essential product as clean carbon (Muradov and Veziroglu 2005). These factors could help reduce capital
investments for large hydrocarbon pyrolysis plants compared to those using the processes of steam
conversion or partial oxidation (Muradov 1993). Furthermore, the process can be considered better for the
environment because it produces both hydrogen and carbon, whereas the SMR is required with a CO;
sequestration system.

Several new reactor designs for the thermal decomposition of methane have been proposed in the
literature. Steinberg (1999) proposed a reactor in which methane bubbles would be heated when flowing
through a molten metal (Sn or Cu) bath, decomposing at 900°C and higher temperatures. Gaudernack and
Lynum (1998) developed a high-temperature pyrolysis process and operated plasma-assisted
decomposition of methane into hydrogen and carbon black.

Various catalysts were built and tested to reduce the maximum temperature of the methane thermal
decomposition process. For instance, Muradov (1998) performed thermal decompositions of hydrocarbon
gases (methane and propane) and liquids (hexane, gasoline, and diesel fuel) using metal-oxide and
carbon-based catalysts. It was shown that using metal catalysts produced a higher initial hydrogen
concentration. However, their activity quickly reduced due to the carbon deposition, but carbon-based
catalysts provided advantages over metal catalysts, because carbon separation was not required. Aiello et
al. (2000) showed that a 15 wt.% Ni/SiO- catalyst maintained its catalytic activity for the methane
decomposition for up to 10 process cycles due to the mechanism of carbon filament formation. However,
a small amount of carbon resisted gasification and remained on the catalyst. Other metal catalysts,
including Fe, Co, Pd, and others, have also been used for methane decomposition (Beebe Jr. et al. 1987,
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Poirier and Sapundzhiev, 1997). However, a catalyst deactivation problem was associated with the carbon
build-up on the catalyst surface.

Membranes can also be applied to continuously remove hydrogen during the thermal decomposition
process of hydrocarbons. Pd-Ag alloys are typically used to allow operation at lower temperatures and to
reduce coke formation. However, the main drawback of the membrane technology for hydrogen
separation is the low hydrogen partial pressures in the reaction mixture and membrane durability at high
temperatures (De Falco et al., 2011).

3.1.3 Hydrogen Production from Renewable Sources
3.1.3.1 Biomass Process

Feedstocks used in the biomass-based process for hydrogen production can be obtained from organic
plant and animal materials such as crops and their waste byproducts, wood from forests and wood wastes,
animal and municipal wastes, wastes from food processing and aquatic plants, and algae (Demirbas
2001a, Nikolaidis and Poullikkas 2017). Thermochemical and biological methods are the two primary
methods that have been recently applied for hydrogen production from biomass resources. Although
biological processes have low hydrogen production rates and yields (mol Hz/mol feedstock), they are
considered environmentally friendly approaches. They require fewer energy inputs because the processes
are carried out under mild conditions. However, thermochemical processes require higher energy inputs,
making the processes faster and providing a higher stoichiometric hydrogen yield.

Thermochemical Processes of Biomass

The thermochemical process, which mainly involves pyrolysis and gasification technologies, transforms
biomass into hydrogen and hydrogen-rich gases that could effectively contribute to decarbonization
pathways and zero-emission of greenhouse gases. Pyrolysis and gasification are the two leading
technologies applied in the thermochemical process to produce methane, CO, and other derivative
gaseous products. The mixture of methane and CO can be processed further for more hydrogen
production through the SMR process and the WGS reaction.

Biomass Pyrolysis

Biomass pyrolysis is a process of converting biomass or carbonaceous feedstocks into gaseous
compounds, liquid oils, and solid charcoal by heating the biomass at a relatively low-temperature range of
375-750°C and a low-pressure range of 0.1-0.5 MPa without the presence of oxygen, except for cases in
which partial combustion is required to provide the thermal energy needed for the process (Demirbas
2002, Evans et al. 2003). The main drawbacks of biomass pyrolysis are low efficiency and an undesirable
formation of tar and char. The amount of gaseous products generated from the process is low, so there is
minimal hydrogen recovery.

Demirbas (2001b) carried out biomass pyrolysis to convert ground biomass samples, including cotton
cocoon shells, tea factory waste, and olive husk, to generate hydrogen-rich gaseous products using
catalyst additives within a range of 500-750°C. The yield of gas increased with an increase in
temperature. The yield of hydrogen-rich gaseous products increased with the ZnCl; catalyst, but the yield
of pyrolytic gas decreased, despite the increasing yield of charcoal and liquid products.

Chen et al. (2008) performed a pyrolysis process using pine wood sawdust as the biomass feedstock. The

tests were conducted using a microwave heating method at 470°C under a dynamic nitrogen atmosphere
and eight inorganic additives. All tested additives significantly increased solid product yields and
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decreased gaseous product yields. The hydrogen-rich gases produced from the pyrolysis included Ha,
CHj4, CO, and CO..

Zhao et al. (2010) studied a biomass pyrolysis process using Ni/cordierite catalyst and combined it with
the secondary decomposition of gaseous intermediate to significantly promote hydrogen content. The
hydrogen content was above 60%, and the hydrogen yield was approximately 65 g/kg biomass at the
optimum operating conditions: a pyrolysis temperature of 650°C, 18 min of residence time, a secondary
decomposition temperature of 850°C, and a molar steam-to—carbon ratio of 2.

Lam et al. (2012) used waste automotive engine oil as the biomass feedstock in a pyrolysis process, and
microwave energy was used as the heat source. It was found that the microwave-heated pyrolysis of waste
engine oil generated an 88 wt.% yield of condensable pyrolysis oil, the properties of which are
comparable to traditional liquid transportation fuels derived from fossil fuel. In addition, the oil product
had a very high recovery (90%) of the energy present in the waste oil and very low contaminant levels of
sulfur, oxygen, and toxic polycyclic aromatic hydrocarbon (PAH) compounds. Microwave-heated
pyrolysis was recommended as a green approach to the treatment and recycling of automotive lubricating
oil.

Fidalgo and Menéndez (2012) carried out a lab-scale pilot plant for a microwave-assisted CO; reforming
of methane over carbon-based catalysts (the activated carbon, FY5, a heterogeneous mixture of FY5, and
an in-lab prepared Ni/Al>O3) to study the energy conversion and consumption. High and steady CH,4 and
CO; conversion were achieved, regardless of the catalyst used in the biomass pyrolysis process.

Liu et al. (2014) studied the catalytic pyrolysis process to generate hydrogen-rich gas in a two-stage
fixed-bed reactor system. It was demonstrated that the high productivity of hydrogen was obtained by
increasing the catalytic bed temperature, residence time, and catalysts. For the best hydrogen production,
the first-stage pyrolysis was at 650-700°C, the second-stage catalytic bed was at 800°C, the catalytic
pyrolysis reaction time was 17 min, and nickel content was at 9% (wt %).

Biomass Gasification

The biomass gasification process thermochemically converts biomass feedstocks into syngas in a
gasification medium such as air, oxygen, and/or steam. Depending on the plant scale, the final use of
produced syngas, and the reactor types, the gasification process typically occurs at temperatures ranging
from 500 to 1,400°C and at pressures ranging from atmospheric to 33 bar. The syngas produced from
biomass gasification can be further processed in the same way as those produced from the biomass
pyrolysis process to increase hydrogen production. During the gasification process, biomass may undergo
several drying steps to remove moisture, pyrolysis to remove volatiles (CO, COg, light hydrocarbons, and
tar), and reduction and combustion reactions.

Nipattummakul et al. (2011) investigated high-temperature steam gasification of residual wastes from oil
palm trees to produce hydrogen-rich syngas in a semi-batch reactor with temperatures ranging from 600—
1,000°C. The steam and solid fuel ratio decreased from 18.5 g/g to approximately 2.1 g/g. The energy
ratio increased by approximately 33% when the temperature increased from 600 to 1,000°C.

Wang et al. (2015) carried out biomass gasification of commercial pellets of pine wood sawdust and
cotton stalk in a pilot-scale two-stage gasification gasifier. With 99.5 v% oxygen applied to the tests, the
carbon conversion efficiency was at 80%, with syngas containing more than 70 v% of H, + CO and an
H.,/CO ratio of 1.

16



In the biomass gasification via the steam critical water approach, water is subjected to its supercritical
state (374°C and 22.1 MPa) and becomes an oxidant. When biomass feedstocks react with supercritical
water, the oxygen molecules in water are transferred to carbon atoms of biomass to generate the carbon
monoxide, which reacts with steam to produce CO- and hydrogen via the WGS reaction. Supercritical
steam gasification is considered one of the most effective and efficient techniques of generating hydrogen
from biomass. It offers high efficiency and hydrogen yield with a lower rate of tar formation (Xu and
Antal Jr. 1998, Lu et al. 2006).

Several types of biomass feedstocks used in the supercritical steam gasification process were studied,
such as cellulose, starch, and glucose (Hao et al. 2003, Williams and Onwudili, 2006). For instance, Hao
et al. (2003) used glucose as the biomass compound in a tubular supercritical water gasification system at
650°C and 35 MPa to produce a gas composed of Hz, CO, CH4, CO3, and a small amount of C,H,4 and
C,Hs. These conditions were later adapted to a raw biomass feedstock of sawdust with some sodium
carboxymethylcellulose (CMC) and found that the gasification efficiency was higher than 95%. Williams
and Onwudili (2006) carried out subcritical and supercritical water gasification processes of cellulose,
starch, and glucose that were considered biomass compounds and biomass in the form of cassava waste in
a heated batch reactor. The mixture gases produced included CO,, CO, hydrogen, methane, and other
hydrocarbons, in addition to a large amount of oil and char. Williams and Onwudili (2006) also note that
glucose produced the highest hydrogen yield, whereas cellulose produces a higher yield of char, carbon
monoxide, and C1-C4 hydrocarbons compared to starch and glucose.

Other waste products like cassava waste, corn silage, fruit shells, sawdust, rice straw, corn and clover
grass, and sewage sludge were also used as biomass feedstocks for the biomass gasification in
supercritical water (Xu and Antal Jr 1998, Hao et al. 2003, Demirbas 2004, D’Jests et al. 2006a,b).
D’Jesus et al. (2006b) performed gasification of 5 wt % corn silage at supercritical water conditions in a
continuous flow reactor at a temperature range of 300-700°C and a pressure range of 250-400 bar. The
biomass gasification process was partially converted at a lower temperature, and the gas yield decreased.
However, biomass conversion in supercritical water was completed as the temperature increased and
more hydrogen, methane, and ethane were obtained. In Demirbas’s (2004) study, an aqueous conversion
of whole fruit shells was conducted under low temperature and supercritical conditions to generate
hydrogen-rich gas. It was (2004) found that the yields of gases and liquids produced by the biomass
supercritical water extraction increased with increasing temperature, and the hydrogen yields increased
with increasing temperature and pressure. The required input energy for the drying process of biomass
feedstocks could be significantly minimized when the wet biomass was gasified directly via the
supercritical steam gasification process. Furthermore, it was found that the reactor could be built compact
to facilitate the high-pressure reaction, and the produced hydrogen gas could be pressurized, making it
convenient for storage and transportation (Hahn 2006, Zhang et al. 2010).

Biological Processes of Biomass

Hydrogen production based on the biological process of biomass feedstocks has received much attention
in recent years because (i) it requires less thermal energy inputs as most biological processes take place at
the ambient temperature and pressure, and (ii) it uses various waste materials as feedstocks and renewable
energy resources that positively contribute to the waste management process. The main biological
processes of biomass for hydrogen production consist of bio-photolysis, photo and dark fermentation, and
a hybrid system of dark and photo-fermentation. Fermentation processes can occur with or without
oxygen: organic feed materials are microbially transformed to alcohols, acetone, a small amount of H,,
and COa. In the fermentative processes, feedstocks are biomass wastes or carbohydrate-containing
materials that are first converted to organic acids and hydrogen-rich gas.
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Bio-Photolysis

Principles of bio-photolysis are similar to those found in plants and algal photosynthesis; however, they
are adapted for hydrogen generation. Bio-photolysis feedstock is water, whereas bacteria, green algae,
and blue-green algae split water molecules into hydrogen ions and oxygen via photosynthesis. The
generated hydrogen ions are converted into hydrogen gas by hydrogenase enzymes. Several ordinary
hydrogen-producing algae and green algae include chlamydomonas reinhardtii (Melis 2002),
scenedesmus obliquus (Florin et al. 2001), chlorococcum littorale (Ueno et al. 1999), playtmonas
subcordiformis (Guan et al. 2004), and chlorella fusca (Winkler et al. 2002). The hydrogenase activity of
different algae species is discussed by Winkler et al. (2002).

Dark Fermentation

Dark fermentation uses mainly anaerobic bacteria on carbohydrate-rich substrates without oxygen
presence and dark conditions. Glucose is a preferred biomass source, but it is not cost-effective and is not
always available in large quantities. Starch-containing materials and cellulose, abundant in nature and
plant biomass, can be alternatively used (Kapdan and Kargi 2006). Dark fermentation is often considered
because it has a simple process, uses numerous potential substrates (refuse and wastes), and does not
require a large surface area (it does not rely on the light sources) that could maintain the hydrogen
production rate constant, regardless of day or night (Das and Veziroglu 2001). Holladay et al. (2009) note
that hydrogen produced during the dark fermentation process must be removed to maintain the relatively
low-pressure environment and hydrogen yield.

Photo-Fermentation

Photo-fermentation is realized in deficient nitrogen conditions using solar energy and organic acids.
Several kinds of photosynthetic bacteria convert organic acids, such as acetic, lactic, and butyric,
industrial effluent, and other carbohydrates, into hydrogen and carbon dioxide under anaerobic conditions
in the presence of light (Kapdan and Kargi 2006, Das and Veziroglu 2008). Several purple photosynthetic
bacteria are rhodobacter spheroides (Eroglu et al. 2004, Kim et al. 2006), rhodobacter capsulatus (He et
al. 2005, Fang et al. 2005), rhodovulum sulfidophilum W-1S (Maeda et al. 2003), and rhodopseudomonas
palustris (Barbosa et al. 2001). Barbosa et al. (2001) and Shi and Yu (2005) note that light intensity might
affect the efficiency of photo-fermentation and the consumption rates of organic acids. For instance, Shi
and Yu (2005) found that increasing light intensity positively affected hydrogen production but lowered
light efficiency.

A hybrid system of dark and photo-fermentation consists of non-photosynthetic (anaerobic) and
photosynthetic bacteria that provide higher hydrogen production yields and require less light energy.
First, anaerobic bacteria convert carbohydrates into hydrogen and organic acids under dark conditions,
which later become sources for photosynthetic bacteria to produce additional hydrogen (Das and
Veziroglu 2001).

Among the biological processes to produce hydrogen, bio-photolysis based on algae could be considered
an economical and sustainable approach in water utilization and CO, consumption. However, a relatively
low hydrogen potential and no waste product utilization are disadvantages of algae’s hydrogen production
in the bio-photolysis process. The fermentation and its hybrid system have more advantages, because they
provide higher hydrogen production yields and contribute to the waste treatment process (Kapdan and
Kargi 2006).
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3.1.3.2 Water-Splitting Process

Water can be used to produce hydrogen via water-splitting processes such as electrolysis, thermolysis,
and photo-electrolysis (Steinfeld 2005, Nikolaidis and Poullikkas 2017). As water is plentiful and
inexhaustible, hydrogen produced through the water-splitting process can be considered a green energy
carrier if energy inputs are supplied from renewable and/or sustainable energy sources such as wind,
hydro, solar, and nuclear power.

Electrolysis

Under development for many years, electrolysis has been an established, well-known method and is the
most effective method for water-splitting processes (Bamberger and Richardson 1976). The primary issue
associated with hydrogen production via electrolysis is the high demand for electricity for electrolyzers
(Rossmeisl et al., 2005). However, with the recent development and advanced technologies to provide
electrical energy from renewable and sustainable energy sources such as hydro, wind, solar, and nuclear,
water-splitting based on the electrolysis process can be further applied to produce green hydrogen (the
cleanest energy carrier).

An electrolysis unit (electrolyzer) typically consists of a cathode and an anode immersed in an electrolyte.
An electrical current splits the water to produce hydrogen at the cathode, while oxygen is evolved on the
anode side (Levene et al., 2007). The most widely applied electrolysis technologies are alkaline, proton
exchange membrane (PEM), and solid oxide electrolysis cells (SOECS). In the electrolyzers of alkaline
and SOEC, water introduced at the cathode is split into hydrogen and hydrogen ions (OH-). The produced
hydrogen is separated from water using a separator, and OH- travels through the electrolyte to the anode
side to create oxygen (Rossmeisl et al., 2005). In the PEM electrolyzer, water introduced at the anode side
is split into protons (hydrogen ions, H+) and oxygen.

Oxygen remains within the water, but hydrogen ions H+ travel through membranes to the cathode sides
and form hydrogen. Under standard conditions, a thermodynamic potential of 1.23V is enough to activate
the electrochemical water splitting process. However, because of the sluggish kinetics of hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER), very high overpotentials are required to
reach a suitable current density, yielding a relatively low energy conversion efficiency for the electrolysis
water splitting process. Many efforts have been dedicated to enhancing the efficiency of electrolytic water
splitting. These efforts have primarily been focused on fabricating high-performance electrocatalysts that
are typically noble metal-based catalysts (e.g., Pt for HER and 1rO or RuO- for OER) for acidic media,
and transition metal-based catalysts (e.g., Ni electrodes for HER and stainless steel composites for OER)
for alkaline electrolytes (You and Sun 2018, Zheng et al. 2020). However, challenges associated with
noble metal electrocatalysts, such as high cost, low reverse, and scarcity, have limited their large-scale
use to industry (Liu et al., 2015).

Most recent studies aim to develop non-noble-metal electrocatalysts that could provide high efficiency
and low cost while realizing a high current density at a low overpotential for the sluggish kinetics of two-
electron transfer in HER, and a high energy barrier for breaking the O-H and forming the O-O bond in
OER (Zheng et al. 2020). Among the investigated and developed electrocatalysts, transition-metal
phosphide shares a high similarity with hydrogenase and could be applied as electrocatalysts for water
splitting (Lin et al. 2019, Sun et al. 2019). Chen et al. (2018) and Guan et al. (2018) tested their designs of
electrocatalysts based on cobalt phosphides (CoP). They found that CoP exhibited a significant
improvement in electrocatalytic performance for both HER and OER. Additionally, the CoP-based
electrocatalysts are low cost, offer high electrical conductivity, and boast metalloid characteristic
properties that could enhance design possibilities for the industry. Several carbon-based materials can also
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be applied to improve the integrity and morphologies of electrocatalysts and accelerate electron transfer
for the HER or OER process (Yao et al. 2018, Yu et al. 2018).

Thermolysis

Thermolysis, or thermochemical water splitting, utilizes thermal energy input to decompose water into
hydrogen and oxygen at a very high temperature (> 2,500°C). When the temperature is very high, the
Gibbs function (AG, or free energy) becomes zero, and hydrogen can feasibly be separated from the
equilibrium mixture (Funk 2001). The energy needed for the thermolysis process is substantial and can
not be provided by some types of sustainable energy sources. Several thermochemical water-splitting
cycles have been adopted to lower the required high temperature and to improve process efficiency.
Thermochemical cycles usually consist of a series of chemical reactions at different temperatures, such as
a two-step SnO,/Sn0O cycle (Abanades et al. 2008) and a multi-stage Cu-Cl cycle (Orhan et al. 2008) that
will convert thermal energy (heat) into hydrogen as an energy carrier. Maximum temperatures required
for thermochemical cycles are approximately 1600 °C for the two-step SnO2/SnO cycle and 500°C for the
multi-stage Cu-ClI cycle. These temperatures can be attained using solar energy or nuclear energy.
Currently, two-step Cu-Cl and Mg-ClI thermochemical cycles are the most promising, with relatively low
temperatures required (550°C) without exhausting any greenhouse gases.

With recent progress on solar collectors, large-scale concentrated solar radiation using parabolic
reflectors, namely trough, tower, and dish systems (Bamberger and Richardson 1976), can serve as the
energy source to provide high-temperature heat for driving the endothermic chemical reactions of
thermochemical cycles. Kolb et al. (2006) found that using a sulfuric acid/hybrid thermochemical cycle
with a power tower could provide a solar-to-hydrogen efficiency of 21% with a hydrogen cost of

2.80 $/kg. The thermochemical cycles provided a lower cost of hydrogen at a higher overall efficiency
than solar plant systems using electrolysis. Giaconia et al. (2007) proposes a combined solar and natural
gas system for hydrogen production. The system based on the sulfur—iodine reaction would use methane
conversion for the high-temperature sulfuric process. Concentrated solar energy would be used as a heat
source for the lower temperature hydrogen-iodide section of the reaction.

Among candidate thermochemical cycles of water splitting process for hydrogen production investigated
and evaluated (Ponomarev-Stepnoi; 2004; Forsberg; 2005; Nelson et al.; 2007), the high-temperature
steam electrolysis (HTSE) and the Westinghouse hybrid sulfur process (WSP), and the sulfur—iodine (SI)
thermochemical process are the most developed (Orhan et al.; 2008). However, these technologies are
still at the lab-scale test stage and require further development and technology demonstration on a large
scale to test their system integrity and their operational and economic feasibility. General Atomics (GA)
developed the SI thermochemical cycle in the 1970’s and reported that the cycle had the highest predicted
efficiency and the greatest potential for further improvement (Mathias et al.; 2003). Japan, Korea, Europe
(Le Duigou et al.; 2007) and USA have tested and further improved the Sl thermochemical cycle and the
efficiency reported are within 35-45% (Elder and Allen; 2009). Collaborative research between U.S. DOE
and French-CEA I-NERI was to develop an integrated lab scale experiment of the Sl cycle (Pickard et al.;
2008). CEA developed the Bunsen section, Sandia National Laboratory (SNL) developed the H2SO4
section, while GA integrated these two parts from CEA and SNL to develop the HI section. JAEA
demonstrated bench-scale experiments of the SI cycle and reported a stable production of hydrogen
(Kubo et al.; 2004).

The hybrid copper chloride Cu-Cl has been recently developed at U.S. Argonne National Laboratory with
the advantage of the highest operating temperature is at 550°C (Ratlamwala and Dincer 2015). Naterer et
al. (2011) and Ratlamwala and Dincer (2015) discussed that the lower operating temperature of the Cu-Cl
cycle (= 530°C) could reduce the costs of materials and maintenance when compared to other
thermochemical cycles having higher operating temperatures. Besides, Masin et al. (2006) and
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Zamfirescu et al. (2010) pointed out that the Cu—CI thermochemical cycle has high efficiency up to 55%,
depending on the design and operating conditions.

Different concepts can be developed to provide required thermal energy using a heat-exchanger reactor
from nuclear power plants into the endothermic chemical process for hydrogen generation (Le Duigou et
al., 2007). Forsberg et al. (2003) compares the costs of nuclear hydrogen generation in Japan. The cost of
nuclear-based thermochemical H, production could be as low as 60% of that for nuclear H, production by
water electrolysis. Onuki et al. (2005) summarize bench-scale tests of a process control method for
continuous hydrogen production that was aimed to facilitate the high-temperature gas-cooled reactor
(HTGR) technology at the Japan Atomic Energy Research Institute (JAERI). Integrating the hydrogen
production system into the HTGR is one of the significant challenges to bridge the nuclear energy sector
to resolving global issues on the energy crisis, climate change, and global warming. The Japan Atomic
Energy Agency (JAEA) has been performing research and development to incorporate hydrogen
production and HTGR technologies. For example, Nishihara and Inagaki (2006) and Inagaki et al. (2007)
summarize the developed system integration technology to connect a hydrogen production system to an
HTGR, including (i) a control technology to maintain reactor normal operating conditions with respect to
thermal disturbance from the integrated hydrogen production system (most thermochemical cycles require
thermal energy with temperatures exceeding 850-900°C), (ii) a tritium permeation into the hydrogen
from the reactor, (iii) a countermeasure against the explosion of combustible gas, and (iv) a high-
temperature isolation valve to isolate the reactor and hydrogen production systems in cases of accidents.
Wu and Onuki (2005) conducted a lab-scale experimental demonstration of hydrogen production based
on the thermochemical SI process. They also employed membrane technology to improve the
decomposition efficiency; they found that the maximum attainable one-pass hydrogen conversion rate
increased up to 90%, and the equilibrium rate was about 20%.

In the detailed assessment of various reactor types for thermochemical hydrogen production considering a
matrix of basic requirements, such as chemical and coolant stabilities, pressure and temperature,
feasibility (development requirement and development risks), safety, capital costs, intermediate loop
compatibility, and other merits and issues, Brown et al. (2003) concluded that the advanced nuclear
reactors are suitable candidates. The authors suggested that while heavy metal and molten salt reactors
appear to be promising candidates with relatively high development costs, HTGRs are well-suited for
hydrogen production using thermochemical cycles. Brown et al. (2003) discussed that HTGRs
successfully operated over years can provide the required heat energy and no major development work is
identified. Fast breeder reactor technologies can also be a potential candidate for providing long-term
energy sources for hydrogen production. Chikazawa et al. (2006) designed a hydrogen production plant
based on thermochemical and electrolytic hybrid processes using a sulfuric acid cycle requiring a
maximum temperature of 500°C. A sodium-cooled fast reactor could supply the hydrogen production
system’s required heat, and a high efficiency of 44% could be obtained.

Photoelectrolysis

In the photo-electrolysis process, specialized semiconductors called photoelectrochemical materials,
absorb sunlight energy to directly dissociate water molecules into hydrogen and oxygen, or water
splitting. This is a long-term technology pathway for generating hydrogen with very low or no emissions
of greenhouse gases. The semiconductor materials used in the photoelectrolysis product are somewhat
similar to those used in photovoltaic solar electricity generation. However, in the photoelectrolysis water-
splitting applications, the semiconductor is immersed in a water-based electrolyte, where the sunlight
strikes the surfaces and energizes the water-splitting process.

Photoelectrolysis has a low efficiency (= 0.06%) due to the lack of effective photocatalytic materials
(Nikolaidis and Poullikkas 2017). Mavroides (1978) lists some materials that can be used as electrodes in
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photoelectrolysis cells. Among those, Akikusa and Khan (2002) point out that the combination of SiC and
TiO2 can act as a self-driven system to photo-split water without any externally applied potential at a
photoconversion efficiency of 0.06%. Further studies are recommended to improve efficiency by utilizing
proper sensitizer on high bandgap semiconductor surfaces.

Gholipour et al. (2015) lists various semiconductor heterojunctions for photocatalytic hydrogen
generation and notes that TiO- and CdS-based systems have been most studied. As one of the
commercial photocatalysts, TiO, can be applied for various photocatalysis processes, and nano-sized
TiO,-based photocatalysts exhibit an improvement in hydrogen production from the visible light region.
CdS-based photocatalysts are currently among the best photocatalysts for hydrogen generation under
visible light. Gholipour et al. (2015) concludes that coupling semiconductors improved the efficiency of
the photocatalyst, but the overall efficiency of photo-electrolysis for hydrogen production remains very
low.

3.1.4 Summary

Table 1 summarizes information regarding feedstocks, efficiency, advantages, and disadvantages of
various hydrogen production processes using fossil fuels and renewable sources.

Hydrocarbon reforming processes are the most mature technologies that are commonly used throughout
the industry via existing infrastructures. Of these processes, SMR is the most cost-effective process for
hydrogen production. In addition, the steam reforming process has the lowest operating temperature and
does not require oxygen. The autothermal reforming and partial oxidation processes have the same
efficiency, and both require oxygen presence in their reactions. Hydrocarbon pyrolysis offers advantages
of reduced reactions in the thermal decomposition via the single and two-step schemes and no emission of
greenhouse gases. Carbon is the only byproduct requiring treatment for this process. Recent developments
of membrane reactors, oxygen, and hydrogen transport membranes can further improve the efficiency,
maximum operating temperature, and capital investments of hydrogen production processes using fossil
fuels. For example, the lower required temperature of 550°C could be provided from the exhaust gases of
a gas turbine in a combined cycle for both power and hydrogen production, from concentrated solar
energy (Nikolaidis and Poullikkas 2017), or nuclear energy (Brown et al. 2003, Schultz 2003, Wood
2010). However, major challenges of hydrocarbon reforming processes are the dependence on fossil fuels
and CO; byproducts released into the atmosphere that require the integration of CO; capture and storage.
These challenges will affect the hydrogen cost.

Biomass feedstocks for biohydrogen production processes are abundant and available almost anywhere.
Dark fermentation has the highest efficiency (60-80%) among all hydrogen production processes using
renewable sources. In contrast, biophotolysis and photofermentation have very low efficiencies, and they
require sunlight inputs in their processes. Thermochemical processes such as pyrolysis and gasification
have a significant efficiency in the range of 35-50%, whereas the fermentative processes positively
contribute to waste recycling and management. Among all hydrogen production processes using biomass,
biophotolysis is considered CO,-consumed because of the photosynthesis involved. Besides the negative
effect of tar formation, the produced hydrogen content of thermochemical processes are varied due to
feedstock impurities and seasonal availability (Berndes et al. 2003, Demirbas 2006).

The water-splitting process offers a clean, sustainable pathway for hydrogen production, producing only
hydrogen and oxygen from Earth’s most abundant raw materials. Electrolysis is the most advanced
technology, with an efficiency of 40-60%. However, it has high capital costs and is responsible for CO;
emission if the electricity required is provided from fossil fuels. This limitation can be overcome by
utilizing electricity produced from other clean energy sources such as solar, wind, and nuclear energy (Le
Duigou et al., 2007). Thermolysis has an efficiency of 20-45%. However, its main limitations are the
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element toxicity and the high capital cost from the required high heat, which can be solved using high
temperatures produced from advanced nuclear reactors (Orhan et al. 2008, Naterer et al., 2009).
Photoelectrolysis is the least efficient process (0.06%) because of the lack of effective photocatalytic
materials. In general, solar-based processes have low conversion efficiency, hydrogen rates, and yields,
followed by biological methods, which operate under mild conditions. Water-splitting processes have
been becoming the most promising methods to produce clean hydrogen, with considerable conversion
efficiency and moderate temperatures required for both electrolysis and thermolysis that can be supplied
from nuclear energy (Le Duigou et al. 2007, Dincer and Balta 2011).
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Table 1. Summary of hydrogen production processes, adapted from Nikolaidis and Poullikkas (2017)

Sources Process Feedstocks Eft’:cﬁ/le)ncy Major advantages Major disadvantages
0
Steam reforming Hydrocarbons 70-85 Most developed technology, existing infrastructure CO2 byproduct, dependence on fossil fuels
Hydrocarbon Partial oxidation Hydrocarbons 60-75 Proven technology, existing infrastructure CO2 byproduct, dependence on fossil fuels
Reforming
AutothvcrmaI Hydrocarbons 60-75 Proven technology, existing infrastructure CO2 byproduct, dependence on fossil fuels
reforming
Hydroc.arbon Hydmc?rbon Hydrocarbons NA Emission-free, reduced-step procedure Carbon byproduct, dependence on fossil fuels
pyrolysis pyrolysis
. . . Tar formation, varying H2 content due to seasonal availability
Biomass Biomass pyrolysis | Biomass 35-50 CO2-neutral, abundant and cheap feedstock and feedstock impurities
Thermochemical
Process Biomass . CO2-neutral, abundant and cheap feedstock Tar formation, varying H2 content due to seasonal availability
. . Biomass NA . .
gasification and feedstock impurities
Biomass- . . . . Requires sunlight, low H2 rates and yields, requirement of large
. Water + sunlight | 10 2-consumed, 02 duct, mil erating conditions : . T
photolysis LT T sunfig CO2-consumed, 02 byproduct, mild operating conditions reactor volume, O2 sensitivity, high raw material cost
Biomass . . .
Biological Dark fermentation | Biomass 60-80 CO2-neutral, without light, contributes to waste recycling Fallyf acids remov al, low H2 rates and yields, low conversion
Process efficiency, requirement of large reactor volume
Photo Biomass + 01 CO2-neutral, contributes to waste recycling, can use various | Requires sunlight, low H2 rates and yields, low conversion
fermentation sunlight ’ organic wastes and wastewaters efficiency, requirement of large reactor volume, O2 sensitivity
Water + No pollution with electricity from renewable sources, proven
Electrolysis .. 40-60 technology, existing infrastructure, abundant feedstock, Low overall efficiency, high capital costs
electricity .
02 byproduct, contributes to renewable energy resource
‘Water Splitting
Process Thermolysis Water + heat 20-45 Clean and sustainable, abundant feedstock, O2 byproduct Element toxicity, corrosive problems, high capital costs
. . T . Requires sunlight, low conversion efficiency, non-effective
Photo-electrolysis | Water + sunlight | 0.06 Emission-free, abundant feedstock, O2 byproduct

photocatalytic material




3.2 IMPROVING THE MODELS IN COMSOL MULTIPHYSICS
3.2.1 Introduction

The COMSOL model simulated in this report includes the 8 ceramic tubes and the air regions with
partially reformed syngas as a fuel inlet, as shown in Figure 6. The main chemical reactions in the OTM
tubes are summarized in Figure 7. Because the primary reformer was not simulated in this work, the
surface-to-ambient radiation model was used in the current COMSOL models instead of the surface-to-
surface radiation model.

Fuel out

Figure 6. Geometry.
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Figure 7. Chemical reactions in the oxygen transport membrane (OTM) tubes.
3.2.2 COMSOL Model Description
The endothermic steam-methane reforming reaction, presented in Eq. (3-1), as well as the exothermic
water-gas shift reaction shown Eq. (3-2) [4], occur in the reforming catalyst layer in the OTM tubes, as

shown in Figure 7:

CH, + H,0 > CO +3H,  -206 kd/mol, (3-1)

CO + H,0 - CO, + H, +41.2 kJ/mol. (3-2)

The combustion reactions that occur in the active anode are

H, + 0%~ - H,0 + 2e™, (3-3)
CO + 02~ - CO, + 2e™, (3-4)
CH, + 40%~ > CO, + 2H,0, (3-5)
CH, + 0%~ - CO + 2H, . (3-6)

The thickness of the reforming catalyst, active anode, active cathode, and the dense gas separation layer
shown in Figure 7 are very small, and therefore, were not explicitly (or, geometrically) modeled in
COMSOL. The related chemical reactions in these four thin layers were simulated in gPROMS® (Process
Systems Enterprise, http://www.psenterprise.com/), and results such as temperature-dependent reactions
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rates, consumptions and productions of species, and the utilization of the oxygen flux, were treated as
interface conditions in the COMSOL models.

The COMSOL simulation domains are shown in Figure 8.

: Air Channel

Hydrogen combustion:
H, + 0~ = H,0 + 2e~ (exothermic)
(Applied to the air/porous support interface)

. . Porous Support Water-gas shift reaction:
Reforming reaction: 5
CH, 4+ H,0 = CO + 3H, (endothermic) €0 + H,0 > CO, + H, (exothermic)
(Applied to the porous support/fuel gas interface) Fusl Gas (Applied to the porous support and fuel gas regions)

Figure 8. Simulation domains in the COMSOL models.
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Figure 9. Reaction coefficients from gPROMS® (The x axis label is molar fraction for (a) and (c) and is
temperature for (b) and (d).).

The reaction coefficients shown in Figure 9 that were obtained from gPROMS® were imported into

COMSOL as interpolation function tables. As indicated in Figure 9 (a), (b), and (c), the inward oxygen
flux at the boundary between the air channel and the porous support (Figure 8) is a function of hydrogen
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and oxygen concentrations and is also a temperature-dependent function. The inward oxygen flux at the
boundary between the air channel and the porous support is defined by

O2Flux = O2Flux_Temp(T) X O2Flux_H2(chem2.m_H?2)
X 02flux_Oxygen(chem.m_02)

3-7)
and
02_mass_flux [kg/m? - s] = —C1[mol/m?/s] X C2[kg/mol] * (02Flux/C3). (3-8)

Figure 9 (d) implies that the steam-methane reforming presented in Eq.(3-1) is a function of temperature,
and the reaction rate is defined by

ref_rate [mol/m? - s] = C4 X RefCoef f(T) (3-9)

and
reaction_rate [mol/m3 - s] = ref_rate = (3.14 * Fuel_Radius = 2 * TubeL) /TubeV. (3-10)
In the COMSOL models, the discontinuities of mass flux at the interface between the fuel and the porous

support (Figure 8) for different species caused by the SMR reaction shown in Eq.(3-1) were defined as
follows,

consumption of CH4 [kg/m? - s| = —ref_rate x 0.016[kg/mol], (3-11)
consumption of H20 [kg/m? - s] = —ref_rate x 0.018[kg/mol], (3-12)
production of CO [kg/m? - s] = ref_rate x 0.028[kg/mol], (3-13)
production of H2 [kg/m? - s] = 3 X ref_rate = 0.002[kg/mol]. (3-14)

A boundary heat flux (W/m?),

—268 [k]/mol] X ref_rate, (3-15)
was also applied to the same interface due to the endothermic reforming reaction. The exothermic water-
gas shift reaction described in Eq.(3-2) was applied to the fuel and the porous support regions (Figure 8).
For the combustion and oxidation reactions shown in Egs. (3-3)-(3-6) in the active anode, only Eqg. (3-3)
was modeled as an interface condition at the interface between the air channel and the porous support in
current COMSOL models, as shown in Figure 8. The consumption and production of H, and H,O due to
the reaction shown in Eqg. (3-3) at the air and porous support interface are

consumption of H2[kg/m? - s] = C5 (3-16)

and
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production of H20 [kg/m? - s] = C6 (3-17)
A boundary heat flux (W/m?),
boundary heat flux = C7, (3-18)
was applied to the same interface due to the exothermic reaction shown in Eqg. (3-3).
C1to C7 in above equations depicts process dependent values and parameters.
3.2.3 Material Properties, Boundary Conditions, and Physics Models

The material properties for the fuel gases were computed using the thermodynamic properties database in
the Chemical Reaction Engineering Module in COMSOL 5.6. Composition- and temperature-dependent
fluid properties such as heat capacity, viscosity, density, thermal conductivity, diffusion coefficients, the
heat of reactions, heat of formations, and so on, can be computed with the thermodynamic properties
database (COMSOL 2021), which is suitable for a reacting system like the OTM tubes. In this study, the
Peng-Robinson equation of state (COMSOL 2021) is used for the gas mixture in the fuel region. The fuel
outlet pressure is maintained at 125 psi.

The free and porous media flow (FP) interface in COMSOL multiphysics can be used to compute the
velocity and the pressure fields for a free flow connected to porous media. This physics interface is
suitable for the simulation domains containing slow flow governed by the Brinkman equations in porous
media and the fast flow governed by the Navier-Stokes equations in channels (COMSOL 2021).
Therefore, the FP interface was used for the fuel and the porous support regions in the OTM tubes. For
the fuel region (Reynolds number ranges from 2100 to 4100), the simplest algebraic yPlus turbulence
model was used, as this model is less mesh sensitive than the k- model, and this study is focused on the
chemical reactions. The air in this study was also assumed to be laminar and incompressible (Re = 38 and
Ma = 0.003) because the flow pattern and the pressure distribution of air was not expected to have a
significant impact on the chemical reactions inside the OTM tubes.

3.24 Mesh-Independence Study

Results from several mesh configurations were compared to ensure that sufficient meshes were used to
capture the significant phenomena in the OTM tubes with acceptable numerical errors and appropriate
computing resources. Figure 10 shows a mesh configuration with a midplane cut through the whole
domain to show the meshes used for the OTM tubes and nearby air. Four types of mesh configurations
shown in Figure 11 were used for the mesh-independent study. The numbers of mesh elements for
Mesh_1, Mesh_2, Mesh_3, and Mesh_4 are 0.8, 1.2, 3.4, and 6.1 million, respectively. As shown in
Figure 11, layers of prisms were gradually increased along the fuel stream direction, and tetrahedral
meshes were used for the remaining domains, including air.

As shown in Figure 12, with coarse mesh (Mesh_1), the predicted air temperature is not smooth around
the first five tubes close to the fuel inlet, and there is no appreciable difference between the Mesh_2 and
the Mesh_3 configurations. The minimum temperature calculated by Mesh_4 is around 15°C lower than
that by Mesh_2 and Mesh_3.

Since the steam-methane reforming reaction occurs at a relatively high temperature regime, the 15°C

temperature difference was not expected to cause an apparent impact on the chemical reactions in this
study. The predictions from different mesh configurations for individual species—CO, CO», H,0, H,, and
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CHs—are presented in Figure 13, through Figure 17, respectively. As can be observed, there are also no
apparent differences in the distributions of these species as a result of different mesh configurations.

RN

Figure 11. Different mesh configurations for the mesh-independence study.
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Figure 13. Mass fraction of CO (%) for different mesh configurations (color scale is redacted).
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Figure 14. Mass fraction of CO: (%) for different mesh configurations (color scale is redacted).

Figure 15. Mass fraction of H20 (%) for different mesh configurations (color scale is redacted).
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Figure 17. Mass fraction of CHa (%) for different mesh configurations (color scale is redacted).
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The result from Mesh_4 was used as a reference for the error estimations. The error between Mesh_3 and
Mesh_4 is 0.02 - 0.05%. The grid convergence index (GCI) was also computed for each component. For
GClI calculations, a refinement ration of 1.67 and a safety factor of 1.25 were used. With Mesh_3 the GClI
for CO, is 0.076% and the GCI for H,0O is 0.025%. Therefore, the mesh configuration, Mesh_3, was
considered sufficient for this study, and the corresponding results were used for further discussions in the
later section.

3.2.5 Results and Discussions
All the results discussed in this section were from the simulation with Mesh_3. As shown in Figure 18,

the OTM tubes operates within a wide range of temperatures. The temperature for the first two tubes
drops below the inlet temperature, due to the endothermic reforming reaction, Eqg. (3-1).

Fuel —
-l )

L.
X degC

Figure 18. Temperature distribution for air and OTM tubes (color scale and values are redacted).

The velocity distributions in the OTM tubes and air are shown in Figure 19 and Figure 20, respectively.
The outlet pressure was maintained at 125 psi, and the pressure drop between the inlet and the outlet is
around 1 psi, as shown in Figure 21. Figure 22 shows the molar concentration of oxygen, O, (mol/m?).
The O3 in the air was actively selected by the OTM tubes and was diffused to the active anode layer
where the combustion reactions took place. The heat was generated to support the endothermic reforming
reaction. A boundary heat flux, Eq.(3-18), was applied to the boundary between the air channel and the
porous support (Figure 8) to account for the heat released by the combustion reaction, Eq.(3-3). Similarly,
the inward oxygen mass flux at this boundary was simulated by Eq.(3-8).
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Figure 21. Pressure distribution in the OTM tubes (color scale is redacted).
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Figure 22. The molar concentration of O2 (mol/m?®) (color scale is redacted).

The fuel gases—CO, Hz, CH4, CO,, and H,0 (Figure 7)—enter the fuel channel, and methane (CHa)
diffuses and reacts with steam (H.O) in the catalyst layer (Figure 7 and Figure 8). The molar
concentrations of CH4 and H,O are shown in Figure 23 and Figure 24, respectively. All methane is
consumed in the first three tubes. Similarly, steam (H-0) is consumed in the first 3 tubes, and hydrogen
gas (H2) is produced from the SMR reaction, as shown in Figure 25. Inside the OTM tubes, CO is
consumed through the WGS reaction shown in Eqg. (3-2) and is also generated through the reforming
reaction shown in Eq. (3-1). Therefore, as shown in Figure 26, the concentration of CO is first reduced as
a result of the WGS reaction, and then it is increased from the reforming reaction, and then is consumed
again (WGS reaction) to produce CO; and Ha, because there is almost no methane left for the reforming
reaction after the third tube. The molar concentration of CO-is presented in Figure 27.

As shown in Figure 24 and Figure 25, the concentration of steam (H-O) is initially reduced because of the
SMR and the WGS reactions, and H; is generated. However, the concentration of H; is not continuously
increased or maintained when the fuel gases flow downstream. Instead, the H, diffuses to the active anode
layer and reacts with oxygen (Figure 7 and Figure 8). Therefore, the steam (H.O) concentration is
increased (Figure 24), but all H» is consumed, as shown in Figure 25.

The concentration of CO: is directly related to the CO concentration through the WGS reaction. As
shown in Figure 27, in the first few tubes, there is sufficient CH,4 for the SMR reaction to produce CO.
Thus, the concentration of CO; in the fuel channel is higher (WGS reaction) than that in the porous
support region. As shown in Figure 26, the concentration of CO is maintained at its peak value at the
fourth and the fifth tubes and is gradually reduced to generate CO; through the WGS reaction. The CO; in
the fuel channel is also gradually diffused to the porous support layer and is eventually uniformly
distributed across the OTM tubes, as shown in Figure 27.
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Reforming reaction:
CH, + H,0 — CO + 3H, (endothermic)
Water-gas shift reaction:

CO + H,0 — €0, + H, (exothermic)
Hydrogen combustion:

Hy + 0%~ - H,0 + 2e~ (exothermic)

-<

Figure 23. The molar concentration of CHz (mol/m®) (color scale is redacted).

Reforming reaction:
CH, + H,0 - CO + 3H, (endothermic)
Water-gas shift reaction:

CO + H,0 - CO, + H, (exothermic)
Hydrogen combustion:

Hy + 0%~ - H,0 + 2e~ (exothermic)
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Figure 24. The molar concentration of H20 (mol/mq) (color scale is redacted).
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Reforming reaction:
CH; + H,0 - CO + 3H, (endothermic)
Water-gas shift reaction:

CO + H,0 — €O, + H, (exothermic)
Hydrogen combustion:

H, + 0%~ > H,0 + 2e~ (exothermic)

Reforming reaction:
CH,y + H,0 - CO + 3H; (endothermic)
Water-gas shift reaction:

CO + H,0 - CO, + H, (exothermic)
Hydrogen combustion:

H, + 0%~ = H,0 + 2e~ (exothermic)

;/?f 7 |

Figure 26. The molar concentration of CO (mol/m?3) (color scale is redacted).
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Reforming reaction:
CH, + H,0 - CO + 3H, (endothermic)
Water-gas shift reaction:

CO + H,0 - €O, + H, (exothermic)
Hydrogen combustion:

H, + 0% - H,0 + 2e~ (exothermic)

Figure 27. The molar concentration of CO2 (mol/m®) (color scale is redacted).

3.2.6 HPC Performance Analysis

All simulations in this report were run on the Libby cluster at ORNL. On Libby, for nodes 1-10, each
node has two 12-core Intel Xeon E5-2680v3 processors with 512 GB RAM. Nodes 11-32 have two 16-
core Intel Xeon E5-2683v4 processors with 512 GB RAM. A different number of nodes was used for
Mesh_2 and Mesh_3 to investigate the High-performance computing for this problem.

Strong scaling (run a fixed problem with different number of cores) was used for HPC performance
evaluation. The run times for Mesh_2 and Mesh_3, each with a different number of cores, are
summarized in Table 2 and Table 3, respectively, and are compared in Figure 28. With Mesh_2, the error
is around 0.1 — 0.4 %, and the run time was reduced from 12.9 hours with one node to 4.3 hours with ten
nodes, about 3 times faster. Similarly, with Mesh_3, the error is around 0.02 — 0.05 %, and the run time
was reduced from 27.9 hours with one node to 11.7 hours with eight nodes, about 2.4 times faster. In
conclusion, the Mesh_2 configuration has better HPC performance and provides results with acceptable
numerical errors.

Table 2. HPC strong scaling speedup for Mesh_2

Mesh 2, 1.2 million elements
Number of Nodes  Number of Cores  Run Time (hour) Speedup (=t (1 node)/ t (N nodes))

1 48 12.93 1.00
4 192 8.27 1.56
8 384 4.78 2.71
10 480 4.28 3.02
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Table 3. HPC strong scaling speedup for Mesh_3

Mesh 3, 3.4 million elements

Number of Nodes  Number of Cores  Run Time (hour)  Speedup (=t (1 node)/ t (N nodes))

1 48 27.88 1.00
2 96 22.90 1.22
6 288 13.30 2.10
8 384 11.71 2.38
—eo— Mesh 2 - A -Mesh_ 3
3.50
3.00
2.50
Q.
3 2.00
D
& 150
1.00
0.50
0.00
0 100 200 300 400 500

Number of Cores

Figure 28. HPC strong scaling speedup for Mesh_2 and Mesh_3.
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3.3 DEVELOPING A HIGH-FIDELITY CFD MODEL IN STAR-CCM+
3.3.1 Problem Formulation

An array of OTM tubes forms the domain for the internal flow of the fuel gas and combustion products.
Around the OTM tubes, ambient air in the auto-thermal reforming unit provides the necessary oxygen for
catalyzed-oxidation reactions in the fuel-air mixture within the OTM tubes. The porous thickness of the
OTM tubes provides a ceramic substrate for molecular oxygen to ionize and for oxide ions to diffuse
toward the fuel mixture. Molecular hydrogen and water vapor provide chemical reduction of reforming
products, which are proposed to diffuse downstream into the internal stream. Figure 29 and Figure 30
illustrate sectional views of an axisymmetric OTM tube and the electrochemical reactions which occur
within, respectively.

Ambient Air in

Cross-Flow Water Gas

Partially Reformed
Syn Gas

Figure 29. An array of OTM tubes: physical model (top) and computational model (bottom).
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POROUS SUPFORT

REFORMING CATALYST

Figure 30. A sectional view of fluid streams and solid volumes within a single OTM tube.

A detailed representation of electrochemical reactions which govern flameless oxidation within the OTM
tube is represented graphically in Figure 31. The electrochemical transformations occur by electron
exchange at the anode prior to diffusion of the combustion products away from the anode toward the fuel
channel through the porous support and reforming catalyst. It is recommended that all oxidation and
reforming reactions occur in the presence of a catalytic surface.

POROUS
SUPPORT

0, +4e” > 20% |
-

REFORMING = CO; H; CO,, H,0

CATALYST CH, + H,0 — CO + 3H,
CO + H,0 > COy +H,

Hy + 0% = Hy0 + 2e

CO+ 0% - CO; +4e”

CH,+ 0°* - CO + 2H,
CH, + 40% - €0, + 2H,0

FUEL PRODUCTS

Figure 31. Detailed representation of flow streams and electrochemical reactions in the porous ceramic tube.
3.3.2  Numerical Approach

The following sections describe modifications made to the physical domain and associated materials and
provide qualified assumptions in justification.
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3.3.2.1 Fluid Volumes

The OTM tube is fed by a mixture of partially reformed natural gas, including CH4, CO2, H,0O, CO, and
H,. These species comprise the fuel stream entering the inner channel of the OTM tube. The transport of
these species is preserved by a Eulerian formulation for the gas mixture, with mass fractions conserved to
a value of 1. The equations for conservation of continuity, momentum, energy, and species are given
below.

continuity:
a .
o (ffh, pdV) + fp pv-dS = ff, Sdv; (1)
momentum:
a
5(gfgjj'sv,ov V) + p(wxv)-dS = §ff pgdv — f.pl-dS + $.T-dS+ff, f, dV —
Yifh aipiva; X vy, - dS; 2
energy:
a "
5 (fF, pE aV) + h[pHv + p + ZipiaiHva] - dS = §ff, Sp dV — dhq" - dS + T vdS +
i, fo-vav; 3)

species:
5, pYdV) + G [oYi(v + M) dS = g [o¥: (Ji + V% )] - ds + g, Sv,av. (4)

On the fuel side, a mixture of reactant and product gas compounds is used. A single gas called “air” is
used to emulate heat transfer to the OTM tube on the air side. The molecular oxygen adsorbs onto the
cathode surface, where it is ionized to oxide ions (O%). The oxide ions accumulate as a dense layer, and
from this layer, the migration of ions is driven by the gradient in partial pressure of oxygen. This gradient
drives the oxidation reactions at the anode, which form products of combustion/oxidation, primarily CO,
and H20 vapor. The exchange of electrons is suggested to stabilize over operating time and generate a
steady outflow of combustion products from several arrays of OTM tubes.

The flow of gases within and around the OTM tubes is turbulent. Turbulence in flow through arrays of
OTM tubes is thought to be primarily influenced by near-wall interactions where boundary layers are
formed. Boundary layers very close to the wall exhibit molecular-scale behavior, and they transition to
eddy-like behavior in the bulk flow through a buffer region. To capture these effects, the realizable k-
epsilon model is used to solve for turbulent kinetic energy (k) and the dissipation rate of turbulent eddies
(epsilon), thus providing closure to the Reynolds-averaged formulation of the Navier-Stokes equation for
conservation of momentum. A two-layer wall treatment model is used to resolve the boundary layers at
all walls in the computational domain.

3.3.2.2 Solid Volumes
The total solid volume consists of electrode layers supported on a porous ceramic substrate, radially

interior to the location where oxidation and reforming reactions occur. The thickness of each layer is
provided in Figure 30. The modeling of each layer is essential for simulating the electrochemical
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reactions involved and resolving the diffusivity of oxygen with variation in surface temperature of the
OTM tubes facing air. However, preliminary studies at the Linde Group have already measured the
variation of oxygen diffusivity with temperature, as shown in Figure 32. Therefore, to simplify the
computational domain, the measured oxygen flux is imposed as a temperature-dependent boundary
condition at the surface of the anode facing the porous support volume.

Furthermore, the porous support and reforming catalyst are modeled as a single porous layer with an
effective porosity value, so the oxygen that enters the porous support can diffuse within at a rate
corresponding to the temperature of the porous support. This oxygen is suggested to mix with the fuel
species diffusing into the reforming catalyst where combustion products are formed. The products will
diffuse back to the fuel channel and mix with the depleted fuel mixture.

O2Flux_Temp(t)

- I 1 I I 1 —

p(t)

O2Flux_Tem

800 9200 1000 1100 1200
t (degC)

Figure 32. Dependence of oxygen influx on temperature.
3.3.3 Finite-Volume Mesh & Inputs

The geometric array of OTM tubes is merged into a single continuous path for the partially-reformed fuel
mixture. This stream consists of CH4, CO, Hz, H20, and CO,. The OTM tube thickness comprises ceramic
electrodes and a porous support catalyst within which oxidation and reforming reactions occur. Oxygen
for these reactions is supplied by ambient air in cross flow. In the CAD model, this results in three distinct
fluid volumes, so the interfaces between each pair of adjacent fluid volumes are treated as thermally
conducting baffles. Furthermore, finite-volume cells must be capable of emulating the temperature-
dependent influx of oxygen across the interfaces, thus accurately resolving the desired product yields.
Figure 33 illustrates the size of cells near the interfaces and within fluid volumes.
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Figure 33. A representative cross-section of the finite-volume mesh on the OTM tube array.

3.3.4  Solver Setup

STAR-CCM+ v. 15.02.007-R8 (Siemens 2021) was used to run all simulations. Two sets of models were
used: one for the fuel mixture and one for ambient air. The fuel mixture is modeled using a multi-
component gas mixture model, and the air is modeled using a single component fluid model.

A single set of transport equations is solved for each fluid, as described in Section 3.3.2, with an
additional species-transport equation solved for the gas mixture where mass fractions of species are
conserved. The eddy break-up model was used for reacting flows to simulate the mixing of gaseous
reacting species at a length scale comparable to turbulent mixing.

All simulations were run on a high-performance computing mid-size cluster in the Nuclear Energy and
Fuel Cycle Division at Oak Ridge National Laboratory, with 48 to 64 CPU cores per node and 500 GB
RAM per node. Each calculation was completed in approximately 12 hours.

3.3.5 StarCCM+ Results: Simple Reacting Flow in the OTM Tube

First, a bundle of tubes extracted within an ambient volume of air was isolated to model fluid streams for
the partially reformed syngas within the tubes, and the ambient air outside the tubes. Both fluid streams
enter the simulation domain at high temperatures. Endothermic reactions require a constant supply of heat
to sustain a continuous yield of desired products, in this case, supplied by ambient air. Within the FOx
tubes, both reforming and oxidation reactions are simulated. This is conducted with the Jones-Lindstedt
4-step mechanism for oxy-fuel combustion of natural gas (Yin, 2011). The reactions provide a simple
estimate of expected yields of syngas from the FOx tubes as a combination of reforming and oxidative
combustion. No influx of oxygen is additionally modeled through the thickness of FOXx tubes, and the
material of the thickness is modeled by air as a simple approximation. All thermal contacts are set as
baffles. A representative profile of temperatures in this scenario is given in Figure 34.
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Figure 34. Axial distribution of temperature in FOXx tubes and air (color scale is redacted).

3.3.6 StarCCM+ Results: Modeling Oxygen Influx for the Reforming Reaction

This step involves simulation of only the reforming reaction using the influx of oxygen through the
simplified thickness of the FOx tube. The influx of oxygen has temperature dependence, as illustrated in
Figure 32, and therefore accounts for the variation in partial pressure of oxygen required to transport
oxide ions into the FOXx tube from the air-side anode. The reforming reaction is simulated alone to
guantify the consumption of energy without interactions between combusting species. Figure 35 shows
the axial distribution of temperature in the simulation domain due to the reforming reaction only.

Figure 35. Reforming reaction: axial distribution of temperature in FOXx tubes and air (color scale is
redacted).

It is evident that the temperature of the fuel mixture varies significantly, first, lowering by approximately
100°C in the first four tubes, and then rising approximately 50°C due to the warmer ambient air. Figure 36
shows the axial distribution of species in the FOXx tubes. The initial reduction in the fuel mixture
temperature is attributed to the endothermic progression of the reforming reaction as evidenced by a
consistent decrease in the mass fraction of methane and stoichiometrically proportionate increases in the
mass fractions of hydrogen and carbon dioxide. It is suggested that in the first four tubes, once the
available enthalpy is consumed for reforming, the rate of reaction reduces until sufficient enthalpy is
absorbed from the ambient air while flowing downstream of the FOXx tube. A progression in the reforming
reaction is observed again. The consumed methane is replaced by equivalent moles of carbon dioxide and
hydrogen produced by the reforming reaction.
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Figure 36. Reforming reaction: axial distribution of gas species (top — carbon dioxide, middle — methane,
bottom — hydrogen) in FOXx tubes (color scale is redacted).

3.3.7 StarCCM+ Results: Simulation of Reforming and Combustion Reactions

This step involves simulation of both, reforming and combustion reactions using the influx of oxygen
through the simplified thickness of the FOx tube. The Eddy Break-Up model in STAR-CCM+ was used
for this step as well. Figure 37 shows the axial distribution of temperature in the simulation domain due to
the reforming and combustion reactions occurring in the FOx tube. The fuel mixture temperature at
outflow is significantly higher than the temperature produced by the reforming reaction alone (see Figure
35). It is in good agreement with the initial predictions of reforming and combustion within the FOx tube
(see Figure 34). The agreement in thermal profiles (within 100°C) may be attributed to the common
representation and chemical transformation of all species involved. In contrast, the difference in thermal
profiles suggests that the influx of oxygen can significantly affect the local conversion of methane to
syngas and water gas. This is due to the dependence of the influx of oxygen on local temperature, which
can create local perturbations in the species profile, thus affecting the stoichiometric availability of
oxygen for the oxidative conversion of species in the partially reformed syngas.
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Figure 37. Reforming and combustion reactions: axial distribution of temperature in the FOx tubes and air
(color scale is redacted).

Figure 38 shows the importance of oxidation reactions in the complete reforming of methane into syngas
and the additional oxidation of species to form water gas. The availability of surplus enthalpy provides
the requisite amounts for the rapid conversion of methane into intermediate carbon monoxide and
hydrogen products. In contrast, the availability of oxygen provides the necessary species influx to form
carbon dioxide and water vapor in the presence of the surplus enthalpy.

U__,. Mass Fraction of H2

Figure 38. Reforming and combustion reactions: axial distribution of species (top — carbon dioxide, middle —
methane, bottom — hydrogen) in the FOx tubes (color scale is redacted).

Figure 39 shows the qualitative impact of oxidation reactions in the FOx tube. As the methane is

consumed towards reforming and is depleted, the oxygen is now consumed in the vicinity of rich syngas
to trigger the formation of combustion products. This is evidenced by the depletion of oxygen and the
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restart in the formation of water vapor in the second tube. Thus, optimizing the range of species influx
and range of temperatures is pivotal to ensure efficient thermal conversion of partially reformed syngas
into fully converted syngas and water gas.
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Figure 39. Reforming and combustion reactions: axial distribution of oxidation species (top — carbon dioxide,
middle — methane, bottom — hydrogen) in the FOXx tubes.

3.3.8 Process Optimization of FOx Tubes

Based on the findings from baseline StarCCM+ results, a few parameters were selected to identify the
allowable operating ranges for species and temperature, which could reduce thermal penalties in large-
scale operations with several FOx tube bundles. While the chemistry of conversion is governed by
stoichiometry, the simultaneous participation of species in multiple reactions can create a local surplus or
deficiency, which can be leveraged by a proportionate availability of enthalpy from ambient air to trigger
the onset of endothermic conversions. Therefore, Simcenter HEEDS was used to parameterize the
following parameters, which showed the most sensitivity to thermochemistry: (i) inflow mass fraction of
methane, (ii) temperature of the air, and (iii) temperature of fuel mixture (partially reformed syngas).
These parameters were varied at two set points of oxygen influx through the FOx tube from ambient air to
assess the variation and selectivity of species yields in the presence of excessive and deficient amounts of
oxygen.

This study's objective was to further optimize the orientation of tube bundles in operating facilities to
maximize the local consumption of oxygen while enhancing syngas yield without compromising process
efficiency.

Each permutation of parameters was tested for optimum in high-oxygen and low-oxygen values at influx.
A yield is defined for each desired product to indicate the mass flow rate ratio for species in outflow to
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the same species in inflow. Values of yield greater than 1 thus reflect any net generation of the species,
while values less than 1 indicate a net consumption of the species.

3.3.9  Process Optimization: FOx Tubes with High Oxygen Content

The presence of higher than stoichiometric amounts of oxygen can indicate a likelihood favoring the
generation of carbon dioxide and water vapor from carbon monoxide and hydrogen, respectively. As
summarized in Figure 40, lower values of oxygen influx favor a higher yield of hydrogen while there is
no discernible formation of carbon monoxide. The yields of water vapor are not proportionate to the net
hydrogen production rate, which can be attributed to the absence of required oxygen to form water vapor.
As the values of oxygen influx increase, the yield of hydrogen reduces with a notable increase in the yield
of water vapor. Therefore, the impact of increasing oxygen influx is evident at identical process
temperatures.

The lowest hydrogen yield concurrently identifies with the highest yield of water vapor. This argument
alone does not bear standing for the higher yields of carbon dioxide, as both oxygen and water vapor aid
the oxidation of carbon monoxide. Therefore, the trend for the generation of carbon monoxide is not a
reliable indicator for the yield of carbon dioxide.
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Figure 40. High-oxygen sweep: yields of species sorted by decreasing yield of hydrogen.

This study favors lower temperature and lower values of oxygen influx to retain hydrogen from oxidation
to water vapor. It is suggested that lower values of oxygen influx may be explored to retain the yield of
carbon monoxide from converting to carbon dioxide through oxidation by oxygen and water vapor. A
graphical summary of this conclusion may be inferred by the trends illustrated in Figure 41.
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Figure 41. High-oxygen sweep: trends of yield dependency on species.
3.3.10 Process Optimization: FOx Tubes with Low Oxygen Content

In this scenario, the influx of oxygen is set to a proportionate factor of 10 lower than the high-oxygen
content. Figure 42 summarizes the yield profile for the low-oxygen content sweep. In this case, hydrogen
yield is favored at higher temperatures, unlike the high-oxygen content sweep. The lack of stoichiometric
oxygen, thus, manifest in yields of water vapor less than 1. Since oxygen is critical to the yield of carbon
dioxide and water vapor, oxygen deficiency favors the limited conversion of carbon monoxide to carbon
dioxide. Figure 43 further summarizes the trends of dependency for a favorable yield of hydrogen.
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Figure 42. Low-oxygen sweep: yields of species sorted by decreasing yield of hydrogen.
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Figure 43. Low-oxygen sweep: trends of yield dependency on species.

3.3.11 Conclusions

A summary of all sweep scenarios is plotted in Figure 44. It is recommended that influx values of oxygen
be retained at a minimum bounding limit to generate a steady yield for the FOx tube. Additionally, a
minimum percentage mass fraction of methane in the partially reformed syngas is recommended for
favorable hydrogen yields in achieving the complete conversion of methane to syngas.
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Figure 44. A summary of yield by species for all parametric designs.
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4. SUBJECT INVENTIONS

None.
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5. COMMERCIALIZATION POSSIBILITIES

None.
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6. PLANS FOR FUTURE COLLABORATION

Throughout this project, several areas of potential collaboration and future research were identified, as
follows:
» Device-scale modeling using first-principles, high-fidelity physics on HPC systems
— Evaluate new operating conditions, or process parameters, to reduce the device’s carbon
footprint,
— Carbon-conscious process optimization,
— Computational screening for various carbon-reduction measures (e.g., new catalysts,
sorbents, membranes, etc.),
— Reduce technical risks of deploying innovative retrofittable technologies,
— Accelerate technology maturation, or readiness levels,
— Understand prototype scale up for a real system.
e Multi-scale optimization of complex interacting systems
— Hybrid energy systems,
— Process intensification to increase efficiency and reduce waste.

6.1 NEEDS AND CHALLENGES

The priority to minimize carbon and greenhouse gas emissions will require an extension of the current
tools with new models and methods to allow systems of extreme efficiency and low emissions. The
challenges in developing new computational technologies are to ensure that these tools and methods are
tailored to meet the needs of the various industries. This will require effective, close collaboration among
those with technology (industry, national laboratories, software vendors, and others) and those with
resources (industry and the federal government). Access to cost-effective, high-performance computing
systems, software, and database architectures is vital in fulfilling the benefits of parallel and distributed
computing.

CFD simulation platforms will need to constantly be updated with emerging advances in physical models
and property databases and provide a readily adaptable architecture. For example, in the chemical
industry, advancement in CFD will depend on the continuous improvement of tools for more complex
systems such as high-temperature gas-phase systems, multiphase mixing, polymer processing, non-
Newtonian rheology, dense multiphase turbulent flow (with or without chemical reaction), and
crystallization with particle nucleation and growth.

Software tools are needed that bring together a complete modeling environment, or Digital Twin,
including simulation, parameter estimation from experimental data, optimization, graphical representation
of results, and statistical measures of uncertainty.

Some of the specific requirements that can be met in this area include the development of:
e simulation tools that integrate combinatorial optimization and ways to deal with uncertainty in
simulation and optimization, such as sensitivity analysis and deterministic modeling,
e whole-site business production models that move beyond individual plant modeling, and
e more robust fundamental models that are broadly applicable and reduce empiricism.

Large-scale integration of intelligent systems needs to be incorporated into the guidance of operations,

with more significant advances in Artificial Intelligence (Al) for scientists and engineers, to move to ever-
increasing scales and scopes. Accomplishing this will require:
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¢ aninformation infrastructure that permits data to be shared regardless of geographical location
with sufficient safeguards to protect proprietary information,

e aknowledge representation that is independent of the software system or inference engine that
uses that knowledge, and

e cost-effective combinations of heuristic inference, discrete-event simulation, real-time
optimization, dynamic simulation, and computational modeling in single, real-time, online
advisory systems.

In general, the application of constantly improving computational technologies enables efficiency
increases that lead to the reduction of emissions, with:

o shortened product—process development cycles,

e optimization of existing processes to improve energy efficiency, and

o the efficient design of new products and processes.

6.2 OPPORTUNITIES

Process modeling and optimization will be an integral part of the development and implementation cycle,
from the early stages of research through process operations. CFD tools will be widely used to guide
experimental optimization and scale-up. Advisory systems employing Al technologies will play a
significant role in integrating and managing the entire enterprise, including business systems, process
flow sheets, unit operations, and computational simulations.

Coupling process science and engineering with the basic sciences will ensure the rapid development,
design, scale-up, control, and optimization of existing and new processes for safely manufacturing
chemicals and the products made from them, as well as their disassembly, recycling, and reuse. A
successful accomplishment of these advances will be marked by widely available, user-friendly modeling
environments that are comprehensive, cohesive, well supported, and affordable. Such environments will
provide tools that couple:

* multi-physics with fluid dynamics,

* modeling with experimentation,

* process models with business models, and

* structures with material properties.

Well-maintained national databases and high-speed networks will make it easy to share results and avoid
duplication. Success will be marked by widely available, cost-effective, user-friendly open-source and
commercial software for implementing advisory systems that can provide operational support for an
entire enterprise, including system/machine/plant operations, supply and distribution chains, and business
decisions.

Support and further development are essential for the upcoming GPU-based computing platforms, which
require major advances in support tools for system operation and programming; parallel GPU numerical
algorithms and template applications; and fully developed, optimized and supported end-user
applications. Additionally, an increased support is required for experimental validation of (or challenges
to) computational results. The technology would benefit significantly from a large-coordinated program
combining theoretical and computational methods with experimental programs designed from the
beginning to challenge those methods.

Public-private partnerships should continue to be encouraged to leverage the expertise from the industry,

national laboratories, and Al software companies for expanding the role of modeling and simulation in
improving our manufacturing, process, energy, and carbon efficiencies.
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