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DISCLAIMER 
This information was prepared as an account of work sponsored by an 
agency of the U.S. Government. Neither the U.S. Government nor any 
agency thereof, nor any of their employees, makes any warranty, expressed 
or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness, of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately 
owned rights. References herein to any specific commercial product, 
process, or service by trade name, trade mark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, 
or favoring by the U.S. Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily state or reflect 
those of the U.S. Government or any agency thereof. 
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PROJECT INFORMATION 
TCF Tracking Number: TCF-21-25024  
Start Date: 12/1/2021 Completion Date: 11/30/2022  
Point(s) of Contact at DOE Facility: Evelyn Lopez 
 

 

Partner(s) and Point(s) of Contact (if applicable): Utility Global, Inc., Jesse Li 
 

 

Type of partnership agreement used (if applicable) (e.g., CRADA, ACT, contract): CRADA  
 
 
 
 

 
 

  

FUNDING TABLE 
 TCF Funding Matching Funding 

Year Planned Actual Planned Actual 

1 $400,000 $400,000 $400,000 $404,709 
2 (if 

applicable) N/A  N/A   N/A   N/A  
3 (if 

applicable)  N/A   N/A   N/A   N/A  

Total $400,000 $400,000 $400,000 $404,709 



 

Source of TCF funding  
Check box(es) to indicate which DOE Program Office(s) funded your project 

Office of Cybersecurity, Energy Security, and Emergency Response (CESER) 
☐ Cybersecurity for Energy Delivery Systems (FY19; FY21) 
 
Office of Electricity (OE) (Office of Electricity and Energy Reliability FY16-FY18) 
☐ Clean Energy Transmission and Reliability (FY16; FY17) 
☐ Cybersecurity for Energy Delivery Systems (FY17) 
☐ Energy Storage (FY16; FY17) 
☐ Energy Storage (Grid Scale) (FY18-FY21) 
☐ Resilient Distribution Systems (FY18-FY21) 
☐ Smart Grid Research and Development (FY16; FY17) 
☐ Transformer Resilience and Advanced Components (FY19; FY21) 
☐ Transmission Reliability and Resilience (FY18-FY21) 
  
Office of Energy Efficiency and Renewable Energy (EE) 
☐ Advanced Manufacturing (FY16-FY21) ☐ Solar Energy Technologies (FY16-FY21) 
☐ Bioenergy Technologies (FY16-FY21) ☐ Vehicle Technologies (FY16-FY21) 
☐ Building Technologies (FY16-FY21) ☐ Water Power Technologies (FY16-FY21) 
☐ Hydrogen and Fuel Cell Technologies (previously 

Fuel Cell Technologies) (FY16-FY21) 
☐ Wind Energy Technologies (FY16-FY21) 

☐ Geothermal Technologies (FY16-FY21)   
  
Office of Fossil Energy (FE) 
☒ Advanced Energy Systems (FY16-FY21) 
☐ Carbon Capture (FY16-FY21) 
☐ Carbon Capture and Utilization (FY18) 
☐ Carbon Storage (FY16-FY21) 
☐ CO2 Utilization (FY19; FY21) 
☐ Coal R&D (FY16; FY17) 
☐ Cross-cutting Research (FY16-FY21) 
☐ Natural Gas Technologies (FY16-FY21) 
☐ Supercritical Transformation Electric Power R&D (FY16; FY17) 
☐ Unconventional Fossil Energy Technologies (FY16; FY17) 
☐ Unconventional Fossil Energy Technologies from Petroleum – Oil Technologies (FY18-FY21) 
  
Office of Nuclear Energy (NE) 
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SCOPE AND OBJECTIVE 
The objective of this project was to demonstrate the suitability of PNNL’s Reactive Air 
Aluminization (RAA) coatings (US Patent Numbers 10,577,694, 10,378,094, and 9,481,923) for 
use in high-temperature systems. In particular, PNNL and Utility Global undertook a 
collaborative effort to explore the applicability of these coatings in Utility Global’s high-
temperature hydrogen reactors where they would be used to prepare the sealing surfaces of the  
reactor technology. Utility Global instructed PNNL regarding their needs relating to further 
development of glass seal technologies suitable for use in their systems. This effort entailed 
alkaline earth-based silicate glass development and characterization; evaluation and 
characterization of reliability and compatibility of the coatings with glass seals, working 
environments, and substrates; performance demonstrations of representative cells and 
intermediate cells sealed using the glass seals and/or coatings of interest; and incorporation of the 
aluminization coatings and glass seals into Utility Global reactors for testing. 

 
 
PROJECT ACCOMPLISHMENTS 

Benefit to DOE 
This project utilized and enhanced PNNL’s core competencies in energy materials development. 
It may also enhance US competitiveness as Utility Global is evaluating potential licensing and 
application of this IP that was developed under the DOE’s SOFC Core Technology Program 
funding.  Utility Global may also become a future partner on additional DOE projects 
 

Market Viability 
Hydrogen is a key raw material for other energy intensive industries. Globally, nearly 90% of the 
hydrogen produced industrially is consumed by the ammonia, methanol, and oil refining 
industries. In the future, hydrogen could play an important role in the decarbonization of space 
heating (i.e. industrial, commercial, building and residential  heating) and  transport  fuel  (i.e.  
use of fuel cell vehicles).  

☐ Fuel Cycle Research and Development (FY16-
FY21) 

☐ Used Nuclear Fuel Disposition R&D (FY21) 

☐ Nuclear Energy Advanced Modeling and Simulation (FY18; FY19) 
☐ Nuclear Energy Enabling Technologies (FY16-FY21) 
☐ Nuclear Energy Enabling Technologies Crosscutting Technology Development (FY18; FY19) 
☐ Reactor Concepts R&D (FY16; FY17) 
☐ Reactor Concepts Research, Development and Demonstration (FY18-FY21) 
☐ Supercritical Transformation Electric R&D (FY16; FY17) 



 

 
Currently, the steam methane reformer (SMR) is the leading technology for H2 production from 
natural gas or light hydrocarbons. Modern SMR based hydrogen production facilities have 
achieved efficiencies that could reduce CO2 emissions down to nearly 10% above its theoretical 
minimum. Further reduction of CO2 emissions from hydrogen production would only be 
possible by the integration of CCS. 
 
In 2022, Utility Global, Inc. introduced their eXERO process for sustainable hydrogen 
production. This proprietary process targets zero-electricity electrolysis for converting waste 
streams directly into high-purity, low-cost hydrogen. The eXERO (Electroless Coupled 
Exchange Reduction Oxidation) Process is designed to remove the need for an external electrical 
circuit and instead drives electrolysis with the chemical potential that exists between different 
gas compositions. 
 
Utility Global is seeking contract agreements with companies around the continent who might be 
interested in using the eXERO process to decarbonize their waste streams. In the coming years, 
the company expects to dramatically improve the technology – starting with the sealing process 
for the proprietary reactor tubes – to scale up its production as more clients become interested. 
 

Generated Data and Reports 
Extensive quarterly reports were delivered over the past four quarters.  Highlight summaries of 
the generated data from this effort include: 
 
Aluminization Coatings 

• Utility Global selected Inconel 617 as the interconnect material for the reactor. Inconel 
617 contains 0.8-1.5 wt% for a protective alumina scale formation on the surface. The 
alumina scale that formed during a preoxidation step that was performed prior to delivery 
to PNNL was not stable and was not conducive to the Reactive Air Aluminization (RAA) 
process. Therefore, the surface of all of the Inconel 617 samples needed to be polished 
prior to RAA. 

• Pure aluminum powder, ESL450 binder, and IPA were used to make ink for ultrasonic 
spray coating, and the coating process was optimized by controlling the coating 
thickness.  

• Alumina formed on the surface as expected, and there were three different reaction bands 
that formed beneath the alumina, which prevent chromium diffusion to the outer surface. 
The total reaction layer was about 20 micrometers thick, much thinner than the reaction 
layers that typically form on ferritic stainless steels. Starting at the outer surface, alumina 
formed on the surface, a Ni-Cr-Al layer formed beneath the alumina, a Ni-Al reaction 
zone formed under that, and a Ni-Cr-Co-Fe-Mo was the reaction layer furthest beneath 
the surface. All of the layers except the outermost alumina layer were metallic alloy 
layers, with no oxide formed in between. Therefore, those layers will be stable during 
long-term exposure at high temperatures.  

• We modified the coating machine and introduced the tilted spray nozzle option to achieve 
a uniformly coated sample after optimizing the conditions required for implementing the 
tilted head. The resulting samples were used for the glass seal development task. 



 

• Pop-gun test samples were assembled using G18-YSZ and G18-LSCF ceramic/glass seal 
materials. It was found that a 250 g compressive load was required during the sealing 
heat treatment to achieve desirable pop-gun samples.  

• Pop-gun testing found that all samples had a rupture strength of ~60 kPa.  However, 
samples without RAA showed a wide range of variability. Ferritic stainless steel samples 
generally show a significant improvement in bonding strength when they are RAA coated 
as compared to uncoated samples because of the well-matched CTE and the fact that 
residual stresses do not hugely affect the seals. In the case of the Inconel 617 substrates 
of interest in this study, the CTE mismatch with Inconel 617 diminishes produces 
residual stressed that became the limiting factor for bonding strength, making it difficult 
to resolve any improvement caused by RAA. However, a wider range of variability in 
rupture strength results suggests that the wettability without RAA is improved upon by 
RAA processing. 

• After the 900°C/300h ageing test, the G18-YSZ ceramic/glass composite sealing material 
showed poor bonding behavior. In the case of the samples without RAA, BaCrO4 forms 
on the surface, and the Inconel 617 substrates spalled off from the seal material. 
However, with RAA processing, the glass materials bonded strongly to the RAA coated 
Inconel 617 surface, but a crack propagated through the middle of the seal material and 
spontaneously separated in half. So, the wettability and bonding strength was excellent 
and stable during the 300 h exposure period at high temperature. However, the stress 
caused by CTE mismatch was greater than the strength of the seal.  

• In the case of the G18-LSCF seal material, with and without RAA processing, the 
samples showed good bonding after the 900°C/300h ageing test as was seen in the pop-
gun tests. Therefore, within 300 hours, this did not change. Even though the seal material 
is black in color, making it hard to recognize the yellow color associated with the 
presence of BaCrO4, the samples without RAA did show a light yellowish color present 
at the edge of the glass-sealed material. This means if we aged the samples much longer 
at 900°C, the sample without the RAA coating would likely show a decrease in bonding 
strength or may even spontaneously spall off like the G18-YSZ sample did.  

 
Glass-based Seals 

• Two approaches for high-temperature sealing to metal substrates with very high 
coefficients of thermal expansion (CTEs) were investigated (i.e., plain glass and 
ceramic/glass composite). 

• For the plain glass approach, six refractory type sealing glasses were formulated and 
thermal properties characterized. One glass showed desirable high CTE but the wetting 
was insufficient within the operation temperature window. 

• For the ceramic/glass composite approach, a matrix glass (Ba-Ca-B-Al silicate) was 
selected.  A high CTE ceramic, lanthanum strontium cobalt ferrite (LSCF), was chosen 
for boosting the CTE and yttrium stabilized zirconia (YSZ) was chosen for strengthening 
by fiber reinforcement.  Iterative testing was performed to identify the optimum 
concentration of LSCF and YSZ in the glass matrix. 

• Two ceramic/glass composites for achieving high CTE seals were developed and found 
to adhere well to an Inconel substrate after 500 hours at 900°C and 10 deep thermal 
cycles. 



 

• In the prototypical sealing configuration, composite glass seals showed desirable 
hermetic behavior in the as-fired state as well as after 10 deep thermal cycles in air and in 
humid reducing conditions, separately. 

• Glass joint strength at the SOFC electrolyte interface was investigated with two 
composite glasses in the as-fired, air aged (900oC/500h+10 thermal cycles) and reducing 
environment aged (900oC/500h + 10 thermal cycles) conditions.  Both composite glasses 
showed good bonding strength in the as-fired state (9.3-9.8 MPa) and only slightly 
decreased (by 15-17%) after ageing and thermal cycling in a reducing environment.  The 
strength showed a greater reduction (24-30%) after aging and cycling in air but the 
resulting strength of 6.0-7.4 MPa appeared satisfactory for Utility Global’s cup seal 
design where the glass is under compression.  

• Interfacial examination of the composite seal at the SOFC electrolyte interface was 
conducted after ageing at 900oC/500h in air or in a reducing environment.  SEM/EDS 
analysis showed the formation of an interfacial layer of BaZrO3.  No other interfacial 
phases were found.  The internal microstructure of the glass showed extensive evolution 
of crystals/precipitates.  No distinct difference was observed for samples aged in air or a 
reducing environment, implying good chemical and environmental stability of candidate 
composite seals. 

• Good wetting of both composite glasses was observed on the SOFC electrolyte with 
wetting angles typically less than ~15-20o over a wide working temperature range. 

• Fractography was employed to characterize samples that showed typical shear fracture 
after sealing.   Typical processing flaws of Utility Global’s ceramic tube were identified 
and suggestions were provided for processing optimization. 

• Two composite glass seals remained hermetic after mini-tube validation tests in dual 
atmosphere conditions of 900oC/100-500h in 10-20%H2/30%H2O followed by 10 deep 
thermal cycles between 50oC and 900oC. 

 
Utility Global Reactor Tests 

• Initial testing shows promising gas tightness results for PNNL sealants. 
• Testing conducted on the LSCF and YSZ seals show that the LSCF seal appears to have 

good air-gas tightness at relevant temperatures (800 C – 970 C set points, in range of 
Utility Global operating temperatures). 

• The YSZ sealant showed a lower gas tightness, but the discrepancy may be due to 
forming defects during test preparation. 

• The LSCF sealant was able to withstand pressure up to 1.5 psi. 
 

Path Forward 
In 2023, Utility Global will first continue validating the PNNL sealants using the company’s in-
house testing unit. While initial testing proved promising results, there are more parameters to 
confirm before shifting company manufacturing processes. The testing procedures must also be 
thoroughly replicated to establish statistical significance. The sealant will be tested in relevant 
gas atmospheres equivalent to the company’s pilot plant feed gases. Additionally, the NiO:YSZ 
test cells used by both parties should be reduced to replicate exact stresses that the sealant will 
experience in operation. Control tests will be established to compare results, and more pressure 
tests will be conducted to verify the pressure rating of the sealant. 
 



 

Utility Global is also considering the following paths forward relating to the underlying seal 
design and general reactor design. These projects may be the next step for a fundamental shift in 
commercial manufacturing: 

1. The large probability of tube shear fracture is intrinsic in nature due to (1) the large CTE 
mismatch between Inconel manifold and ceramic tube (with the present materials set the 
difference is 3x10-6/oC, while for typical joining/sealing of dissimilar materials, with one 
of them being brittle ceramic, one would like to have a CTE mismatch (from operation T 
to RT) of less than 1x10-6/oC, or more preferably, 0.5x10-6/oC.  One can have glass of lower 
softening point (to reduce residual stress buildup upon cooling); however, this is generally 
achievable with higher concentrations of low melting glass formers such as B2O3 or 
alkalis.  However, this will introduce another set of issues such as glass spreading, loss by 
volatility, undesirable redeposition of volatile species, and potential poisoning by volatile 
species e.g., alkalis or even Si(OH)4 species if longer tubes are used to increase the power 
density per module volume.  We have tested a concept of inserted ring approach (have not 
validated with finite element stress analysis or optimized the material for inserted ring and 
ring gaps and enlarged the original seal width for adding reinforcement) which showed 
some success with reduced shear fracture. The inserted ring approach to handle the intrinsic 
large stresses appears to be a viable path forward for future optimization since it should 
avoid any compositional change in the current tube fabrication processes (if the cause for 
thin YSZ electrolyte microcracks was primarily due to enhanced volume reduction with 
more NiO in tubes than is typically present in planar type NiO/YSZ supports, one then has 
to modify the NiO content in the anode support structure which can be very time 
consuming).  On the other hand, modifying the current tube composition to increase the 
YSZ % in the NiO/YSZ support would be expected to increase the strength. 

2. In addition to the inserted ring appraoch to mitigate the large intrinsic stresses associated 
with current materials set, there appears to be room with the Inconel cup design for 
reducing stresses by: (1) reducing the Inconel wall thickness or (2) changing the seal’s 
annular space to a V-shaped space to accommodate stress-relief mechanisms, (3) welding 
an external metal ring of lower CTE. 

3. During limited mini-tube validation tests, damage to the ceramic tube was clearly observed 
with YSZ and external electrode layer spalling off.   Since these types of micro-crack 
damage are rarely observed in typical planar SOFCs using tape cast NiO/YSZ anode 
support, the closed end geometry of the current tube may present an undesirable stress 
condition either due to wall thickness variation coupled with intrinsic ceramic processing’s 
Weibull distribution of flaws/inhomogeneity, leading to the conclusion that a “both ends 
open” tube design should be considered.  It’s evident that the rounded end cap presents a 
different stress and shrinkage environment in contrast to straight tube sections. 

 
 
 


