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SOLAR HYDROGEN FUEL CELL SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

Not applicable

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Not applicable

THE NAMES OF THE PARTIES TO A JOINT
RESEARCH AGREEMENT

Not applicable

STATEMENT REGARDING PRIOR
DISCLOSURES BY THE INVENTOR OR A
JOINT INVENTOR

Not applicable

BACKGROUND

Background of the Invention

Field of the Invention

The present invention relates generally to renewable
energy storage systems, and more particularly to an 1inte-
grated solar energy storage system employing reversible
solid oxide cells (rSOC) with predictive optimization con-
trol, thermal integration, and hybrid storage mechanisms for
improved round-trip efliciency and economic operation.

Description of Related Art

Conventional renewable energy systems face the funda-
mental challenge of intermittency. While battery storage
provides high round-trip efliciency (85-95%), 1t becomes
economically prohibitive for long-duration storage exceed-
ing 8-12 hours. Hydrogen storage oflers long-duration capa-
bility but sufilers from poor round-trip efliciency (25-35%) in
conventional configurations.

The well-understood phenomenon of solar energy pro-
duction uses large collections of photovoltaic semiconductor
cells to generate electricity when the sun shines on the cells.
The electricity output diminishes to zero when the sun 1s not
shining. Because of this intermittent electricity generation,
engineers have attempted various means for storing some of
the electrical energy when the sun 1s shining so that it can be
used to even out electricity production when the solar cells
themselves are not generating.

Electricity can be stored in the form of hydrogen and
oxygen through a process known as electrolysis when elec-
trodes are immersed 1n water, and the current passes between
them. The electrons from the electrical current cause the
water to 1onize, producing hydrogen atoms at the cathode
and oxygen atoms at the anode. Approprnate capture and
storage mechanisms can capture the hydrogen and oxygen
atoms, emitted 1n gaseous form from the electrolysis and
compress them into stored quantities available for later use.

Pure hydrogen and pure oxygen can be combined in fuel
cells to generate electricity. An anode comprising an appro-
priate carrier such as highly porous carbon can be doped
with nano-sized particles of a catalyst such as platinum.
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When the particles are small enough, they interact with
hydrogen atoms to create positively charged 1ons called
protons and to release electrons. If the anode 1s separated
from a positively charged cathode by an appropriate mem-
brane and 1f the cathode 1s fed pure oxygen, the positively
charged protons, but not the electrons, pass through the
membrane and combine with the oxygen items to form
water. Current flows 1n the form of electrons passing
between the anode and the cathode

The hardware necessary for electrolysis 1s the same as that
necessary for fuel cells, and so 1t 1s possible to design a
system that performs electrolysis when being fed electricity
from the solar cell array and to generate electricity as a fuel
cell when the solar cell 1s not providing electricity.

Existing solar-to-hydrogen systems typically employ
separate electrolyzers and fuel cells, resulting 1n capital
redundancy and etliciency losses. Prior art systems operate
in fixed modes without adaptive response to grid conditions,
weather forecasts, or market signals. Furthermore, conven-
tional systems fail to utilize waste heat eflectively, particu-
larly the high-grade heat from solid oxide cells.

Metal organic frameworks (MOFs) have been proposed
for hydrogen storage but have not been effectively integrated
into complete energy systems with thermal management.
Similarly, machine learning has been applied to grid opera-
tions but not to the integrated control of reversible electro-
chemical systems with multiple storage modes.

An 1ntegrated system 1s needed that overcomes the etli-
ciency limitations of hydrogen storage while maintaining 1ts
long-duration advantages, dynamically optimizes between
operational modes, and provides economically viable energy
storage across multiple timescales.

The thermodynamics of reversible solid oxide cells pres-
ent unique thermal management challenges that prior art has
failed to address adequately. During fuel cell operation, the
clectrochemical oxidation of hydrogen 1s highly exothermic,
releasing approximately 48 kl/mol of heat at typical oper-
ating temperatures of 750-850° C. This heat generation
tollows the relationship AH=-nFE+TAS, where the entropic
contribution becomes significant at elevated temperatures.
Conversely, electrolysis operation 1s strongly endothermic,
requiring the same amount of heat input to sustain the water
splitting reaction. Prior art systems typically dissipate the
fuel cell heat as waste and rely on electrical resistance
heating during electrolysis, resulting 1n substantial efliciency
penalties.

The temporal mismatch between heat generation and
consumption in reversible electrochemical systems has not
been adequately addressed by existing technologies. Fuel
cell operation typically occurs during periods of high elec-
trical demand, often 1n the evening when solar resources are
unavailable. The exothermic heat generated during these
pertods must be eirther utilized immediately or wasted.
Subsequently, when excess solar energy drives electrolysis
operation during daylight hours, the endothermic reaction
requires heat mput that conventional systems provide
through ineflicient electrical heating, consuming 15-20% of
the 1nput electricity. This thermal cycling between exother-
mic and endothermic modes occurs on diurnal timescales,
yet prior art lacks eflective thermal storage solutions
matched to these operational patterns.

Conventional hydrogen systems waste the heat generated
when making electricity (Fuel Cell mode) and then pay for
clectricity to create heat when making hydrogen (Electroly-
s1s mode).

Reversible solid oxide cells (rSOC) present two funda-
mental problems: thermodynamic nethiciency and temporal
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mismatch, limiting such systems to the low round-trip
elliciency (25-35%) typical of conventional hydrogen stor-
age.

Molten salt thermal storage systems have been employed
in concentrated solar power applications but have not been
cllectively integrated with reversible electrochemical cells.
The temperature requirements present particular challenges:
solid oxide cells operate optimally at 750-850° C., while
common solar salts (60% NalNO,/40% KNO,) decompose
above 600° C. unless used 1n controlled atmospheres. Higher
temperature salts such as chloride mixtures can withstand
solid oxide cell temperatures but present severe corrosion
challenges. Furthermore, the heat transier rates required for
managing rapid transitions between exothermic and endo-
thermic operation exceed the capabilities of conventional
molten salt heat exchangers designed for steady-state solar
thermal applications.

The efliciency impact of inadequate thermal integration in
reversible solid oxide systems 1s substantial but underap-
preciated. During electrolysis, the electrical energy require-
ment can be reduced from 3.2 V to 2.6 V per cell when
operated thermally neutral (where electrical energy equals
the Gibbs free energy change and thermal energy provides
the entropic contribution). This represents a theoretical
elliciency improvement from 77% to 95% (HHV basis).
Achieving thermal neutral operation, however, a requires
precisely managing heat flows of 200-300 kW per megawatt
of hydrogen production. Prior art systems fail to capture and
store the equivalent heat generated during fuel cell opera-
tion, missing the opportunity for this efliciency gain.

Existing electrochemical systems also fail to account for
the grade-specific heat requirements across different tem-
perature ranges. High-grade heat (750-850° C.) from fuel
cell operation 1s particularly valuable for driving endother-
mic electrolysis, yvet most 1s degraded through cooling
systems. Medium-grade heat (200-400° C.) from compres-
s10n processes and power electronics could preheat reactant
streams but 1s typically dissipated. Low-grade heat (<100°
C.) from auxihary systems represents additional losses. The
prior art lacks comprehensive thermal integration architec-
tures that cascade heat utilization across these temperature
ranges while accommodating the cyclic nature of reversible
operation.

The dynamic thermal requirements of reversible solid
oxide cells during mode transitions represent an additional
challenge unaddressed by conventional designs. Transition-
ing from fuel cell to electrolysis mode requires careful
thermal management to prevent thermal shock while main-
taining stack temperature within operational limits. The
thermal mass of the stack creates lag times of 10-30 minutes
for mode transitions without active thermal management.
Prior art systems either accept these delays, reducing system
responsiveness, or maintain stacks at temperature using
parasitic electrical heating, reducing overall efliciency. No
existing system provides rapid thermal compensation during
mode transitions while maintaining high round-trip efli-
ciency.

BRIEF SUMMARY

The present invention provides an adaptive multi-mode
solar energy storage system that achieves superior round-trip
clliciency through the integration of reversible solid oxide
cells, predictive control algorithms, thermal recovery net-
works, and hybrid storage mechanisms.

By using high-temperature molten salt (chlorides) to store
the 850° C. waste heat from the night-time fuel cell cycle
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and using 1t to heat the day-time electrolysis cycle, the
system lowers the voltage required to split water from ~3.2V
to ~2.6V. This “thermoneutral” operation 1s a proven phe-
nomenon. By eflectively storing the heat of fuel-cell opera-
tion, the efliciency jump to ~52% round-trip 1s physically
possible.

In one aspect, the invention comprises photovoltaic arrays
directly coupled to reversible solid oxide cell (rfSOC) stacks
that operate alternately in electrolysis mode (SOEC) and
tuel cell mode (SOFC), eliminating redundant components
while maintaiming operational tlexibility.

The system incorporates a predictive control system uti-
lizing machine learming algorithms that forecast energy
demand, weather patterns, and market conditions 72 hours 1n
advance, dynamically selecting between five operational
modes: (1) direct electrolysis, (2) thermally-assisted elec-
trolysis, (3) fuel cell generation, (4) combined heat and
power, and (35) bypass storage mode.

The heat storage system solves the two fundamental flaws
of reversible solid oxide cells (rSOC): thermodynamic inet-
ficiency and temporal mismatch. Without this thermal stor-
age, the system would be stuck at the low round-trip
elliciency (25-35%) typical of conventional hydrogen stor-
age.

A multi-stage compression system with intercooling and
expansion recovery achieves 92% i1sothermal efliciency
through heat integration with the rSOC stacks. The com-
pressed hydrogen feeds a hybrid storage system combining
conventional pressure vessels with metal organic framework
(MOF) modules that provide 3x volumetric density
improvement.

The present invention provides an integrated thermal
management system that captures high-grade heat during
exothermic operational modes and stores it for use during
endothermic operational modes. By temporally shifting ther-
mal energy, the system achieves thermoneutral electrolysis
without parasitic electrical heating, significantly improving,
round-trip efliciency compared to conventional systems.

The thermal integration network boosts efliciency to 52%,
making the technology economically wviable. It captures
high-grade heat (750-850° C.) from the rSOC stacks during
exothermic fuel cell operation and stores 1t in molten salt for
use during endothermic electrolysis operation, improving
clectrolysis efliciency by 15-20%.

The heat system substitutes free waste heat for expensive
clectricity during the electrolysis (charging) phase. Splitting
water (electrolysis) 1s an endothermic reaction; 1t absorbs
massive amounts of energy. In conventional systems, this
energy 1s supplied entirely by electricity, requiring about 3.2
Volts per cell. If a system keeps the cells hot (thermal
energy) and supplies the necessary heat of reaction exter-
nally, the electrical requirement drops to 2.6 Volts per cell.
By using stored heat instead of electricity to drive the
reaction, the theoretical efliciency jumps from 77% to 95%.
The heat storage system essentially allows the battery to
“charge” using 15-20% less electricity. The system cannot
simply pipe heat directly from the fuel cell to the electro-
lyzer because they never run at the same time. This system
acts as a “time machine” for heat.

The system runs as a Fuel Cell when solar 1s off (might/
evening). This process 1s highly exothermic, generating
high-grade heat (750-850° C.). The system runs as an
Electrolyzer when the sun 1s shining. This 1s when 1t needs
the heat to achueve the efliciency gains.

The molten salt tanks capture the heat generated at night
and hold 1t for 8-12 hours to be used during the day.
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The rSOC stacks are made of ceramics (YSZ, LSCF)
which are brittle and sensitive to temperature changes.
Rapid changes 1n temperature can destroy the stacks. The
transition from exothermic (heating up) to endothermic
(cooling down) modes creates massive thermal stress. The
thermal storage system acts as a bufler. By circulating the
molten salt, the system can maintain the stacks at a uniform
temperature (AT<10° C.) regardless of which mode 1s run-
ning. This eliminates the lag times of 10-30 minutes required
for thermal stabilization in conventional systems.

Dynamic stack reconfiguration enables voltage matching
between varying solar mput and electrochemical require-
ments without power electronics losses, achieved through a
novel switching matrix that reconnects cells in series/paral-
lel configurations.

Terms and Definitions

HHYV: Higher heating value, a measure of thermal efli-
ci1ency.

LSCF: Lanthanum Strontium Cobalt Fernite.

LSTM: Long/short-term memory.

MOF-5: Metal-Organic Framework-3, a porous crystal-
line material made from zinc. oxide clusters Zn,O and
1,4-benzenedicarboxylate (terephthalate) organic link-
ers.

MPa: Megapascal, a measure of material strength.

PEM: Proton Exchange Membrane, a type of membrane
in a fuel cell

SOEC: Solid ﬁxide clectrolysis cell.
SOFC: Solid oxide fuel cell.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

To 1dentity the discussion of any particular element or act
casily, the most significant digit or digits in a reference
number refer to the figure number 1n which that element 1s
first introduced.

FIG. 1 1s a schematic diagram of the complete adaptive
multi-mode solar energy storage system according to an
embodiment of the present invention.

FIG. 2A illustrates the reversible solid oxide cell (rSOC)
stack.

FI1G. 2B depicts the details of one cell 1n the rSOC stack.

FIG. 3 shows the multi-stage compression system with
intercooling and energy recovery turbines.

FIG. 4 depicts the hybrid storage subsystem combiming
high-pressure tanks and metal organic framework (MOF)
modules.

FIG. 5 1s a detailled view of the thermal integration
network showing heat exchange pathways between compo-
nents.

FIG. 6 illustrates the predictive control system architec-
ture with neural network modules and data flows.

FIG. 7 shows the power electronics configuration
enabling dynamic reconfiguration of rSOC stacks.

FIG. 8 1s a flow chart of the predictive optimization
algorithm for mode selection.

FI1G. 9 illustrates the modular expansion capability of the
system.

DETAILED DESCRIPTION

System Overview
Referring to FIG. 1, the adaptive multi-mode solar energy
storage system comprises a photovoltaic array 102, a DC
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coupling network 104, an rSOC assembly 106, a compres-
sion & storage 108 system, a thermal management system
110, a predictive control unit 112, a DC-AC conversion 114,
and a grid interface 116.

The photovoltaic array 102 comprises bifacial silicon
heterojunction cells with peak efliciency of 26%, arranged in
strings that can be dynamically reconfigured by the DC
coupling network 104. Unlike conventional systems that use
fixed MPPT (maximum power point tracking), the present
invention employs predictive MPPT that anticipates cloud
transients using sky-facing cameras and satellite data.
Reversible Solid Oxide Cell Assembly

As shown 1 FIG. 2, the rSOC assembly 230 comprises a
plurality of reversible solid oxide cell (rSOC) stacks 231a-
23 In capable of operating alternately in electrolysis mode
and fuel cell mode. Each cell comprises an ytttria-stabilized
zircona (YSZ) electrolyte 232, a nickel-YSZ cermet fuel
electrode 233, and a lanthanum strontium cobalt ferrite
(LSCF) arr electrode 234. In one embodiment, the invention
teatures graded porosity structure of the fuel electrode 233,
varying from 30% at the electrolyte interface to 55% at the
current collector, optimizing both modes of operation.

The cells incorporate a novel infiltrated catalyst layer 235
comprising cerium-gadolinium oxide (CGO) with dispersed
platinum-ruthenium nanoclusters of 2-3 nm diameter that
reduce activation overpotentials by 40% compared to con-
ventional electrodes. This catalyst layer 1s predicted to be
stable across 10,000+ cycles between electrolysis and fuel
cell modes.

The system comprises a thermal integration network
capturing and utilizing waste heat between system compo-
nents. Fach stack 231a-231# includes integrated heat pipes
236 containing sodium working fluid 244 that maintain
uniform temperature distribution (AT<10° C.) across the
stack. The heat pipes connect to a molten salt thermal
storage system 241 that captures exothermic heat during fuel
cell operation.

The reversible solid oxide cell assembly 230 operates
through distinctly different electrochemical reaction path-
ways depending on the operational mode. During fuel cell
(SOFC) mode, hydrogen enters through the fuel in 248
channel, and hydrogen oxidation occurs at the tuel electrode
233 according to the reaction: H,(g)+O" " (YSZ)—H,O(g)+
2¢~, where hydrogen gas adsorbs onto the nickel catalyst
surface, dissociates mto atomic hydrogen, and reacts with
oxygen 1ons transported through the YSZ electrolyte to form
steam and release electrons. Simultaneously air enters at the
air 1n 250 channel and encounters the air electrode 234,
where oxygen reduction proceeds via: 120,(g)+2e"—0*"
(YSZ), where molecular oxygen adsorbs onto the LSCF
perovskite surface, dissociates, accepts electrons from the
external circuit, and incorporates mto oxygen vacancies for

transport through the electrolyte. The overall fuel cell reac-
tion H,+20,—H,0 releases 241.8 kJ/mol (AH®) with a

Gibbs free energy change of -228.6 kl/mol at 850° C.,
converting approximately 65% of the chemical energy to
clectricity while releasing the remainder as high-grade heat
captured by the thermal management system. The byprod-
uct, water H,O 1n the form of steam exists through the
exhaust out 246 channel.

During electrolysis (SOEC) mode, the reactions reverse
with mechanistic differences that the present mvention spe-
cifically addresses. At the fuel electrode 233, now function-
ing as a cathode, steam reduction occurs: H,O (g)+2¢™—H,
(2)+O°(YSZ), where steam molecules adsorb at the
N1/YSZ triple-phase boundaries, accept electrons from the
external circuit, and dissociate into hydrogen gas and oxy-
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gen 1ons. The infiltrated CGO catalyst layer 235 with Pt-Ru
nanoclusters enhances this reaction by providing additional
active sites for H,O dissociation and reducing the activation
overpotential from 0.35V to 0.21V. At the air electrode 234
functioning as an anode, oxygen evolution proceeds: O*"
(YSZ)—120,(g)+2¢”, where oxygen 1ons from the electro-
lyte lose electrons and recombine to form molecular oxygen.
The endothermic nature of electrolysis (AH®=+241.8
kJ/mol) requires heat input, which the present invention
supplies from stored molten salt 502 at 850° C., enabling
thermoneutral operation where electrical energy input equals
only the Gibbs free energy requirement (AG°=188.6 kl/mol
at 850° C.), achieving 89% elliciency versus 70% {for
conventional adiabatic electrolysis.

The graded porosity structure of the fuel electrode 233
influences reaction kinetics and mass transport in both
operational modes. At the electrolyte interface where poros-
ity 1s 30%, the high density of N1/YSZ contact points creates
an electrochemically active triple-phase boundary (TPB)
length exceeding 10'* m/m’, providing abundant reaction
sites while maintaining structural integrity. The porosity
gradient increasing to 355% toward the current collector
ensures adequate diffusion pathways with calculated tortu-
osity factor t=1.8, enabling gas-phase diffusion coeflicients
of D(H,)=8.5%x10 m?*/s and D(H,0)=6.2x10™> m?/s at
operating temperature. This prevents concentration polar-
1ization where local H, depletion (fuel cell mode) or H,O
depletion (electrolysis mode) would otherwise limit current
density to <0.5 A/cm”. The present invention achieves 2.0
A/cm” in electrolysis mode without mass transport limita-
tions.

The electrolyte layer comprises yttria-stabilized zircoma

(YSZ). The oxygen 1on transport mechanism through the
YSZ electrolyte 232 follows vacancy-mediated conduction
described by the Kroger-Vink notation: Y,O,—=2Y'(Zr)+V
(0)-+30(0)x, where yttrium substitution creates oxygen
vacancies (V(O)--) that enable O°~ migration. The activation
energy for oxygen ion hopping between adjacent sites is
0.85 €V, resulting 1n 1onic conductivity o=0_exp(-Ea/kT)
=0.11 S/cm at 850° C. The electric field across the 15 um
thick electrolyte (typically 0.7-1.2 V) dnives directional
oxygen ion migration at a flux of J(O*)=(o/F)VuWO),
where the electrochemical potential gradient Vu(O>") deter-
mines transport direction: from air electrode to fuel elec-
trode during fuel cell operation, reversed during electrolysis.
This bidirectional 1on transport capability with i1dentical
conductivity 1n both directions enables the reversible opera-
tion central to the present invention.

The LSCF air electrode 234  composition
La, (Sr, ,Co, ,Fe, O;—0 provides mixed i1onic-electronic
conductivity (MIEC) needed {for distributed oxygen
exchange reactions. Unlike purely electronic conductors that
limit reactions to TPB lines, the MIEC nature extends the
reaction zone throughout the electrode bulk, achieving an
effective surface area of 10° m*/m>. During fuel cell mode,
oxygen reduction proceeds through a multi-step surface
exchange mechanism: O,(gas)—0,(ads)—=20(ads)—=20
(lattice)—=20°"(YSZ), with the rate-limiting surface
exchange coefficient k*=10"> cm/s at 850° C. The Sr doping
level of 40% optimizes the concentration of oxXygen vacan-
cies (0=~0.15) while maintaiming phase stability; higher Sr
content would increase conductivity but causes decomposi-
tion into separate phases. During electrolysis, the oxygen
evolution reaction reverses this pathway, with the Co content
catalyzing O—O bond formation while Fe provides struc-
tural stability and prevents Co reduction under polarization.

10

15

20

25

30

35

40

45

50

55

60

65

8

The reversible operation introduces unique degradation
mechanisms that the matenial selection specifically miati-
gates. During mode transitions, the fuel electrode experi-
ences alternating reducing (fuel cell) and oxidizing (elec-
trolysis) conditions that would cause “redox cycling”
degradation 1n conventional materials. Pure nickel elec-
trodes undergo volume changes of +24% during N1/N10O
transitions, causing delamination within 10-20 cycles. The
Ni1-YSZ cermet prevents nickel oxidation by maintaining the
N1 phase below its oxidation potential through the electronic
conductivity network even at open circuit. The oxygen
partial pressure at the fuel electrode remains below 1072
atm during normal operation, well below the N1/N1O equi-
librium of 10~'* atm at 850° C. Additionally, the infiltrated
CGO layer 235 serves as an oxygen buller, absorbing excess
oxygen during transients through Ce**/Ce’* redox reactions,
protecting the nickel phase while maintaining catalytic
activity through 1ts own mixed conductivity of 0.1 S/cm,
ensuring stable operation across 10,000+ reversible cycles.

The yttria-stabilized zirconmia (YSZ) electrolyte 232 func-
tions as a membrane—a selective oxygen ion (O*7) conduc-
tor while maintaining complete electronic insulation, a criti-
cal requirement for electrochemical cell operation. At the
operating temperature of 750-850° C., the 8-10 mol %
yttrium oxide (Y,O,) dopant 1n the zircomia (ZrO,) host
lattice creates oxygen vacancies through charge compensa-
tion: when Y°* substitutes for Zr**, oxygen vacancies form
to maintain electrical neutrality. These vacancies enable O*~
ion mobility through a hopping mechanism, where oxygen
ions move from occupied sites to adjacent vacant sites with
an activation energy of approximately 0.8-1.0 eV. The 1onic
conductivity reaches 0.1 S/cm at 850° C. while electronic
conductivity remains below 10~° S/cm, providing an ionic
transierence number exceeding 0.9999. This near-perfect
ionic selectivity forces electrons to travel through the exter-
nal circuit, generating electrical work during fuel cell opera-
tion or consuming electrical energy during electrolysis.

The selection of YSZ over alternative electrolyte materi-
als, including proton-conducting ceramics such as barium
cerate/zirconate (BCY/BZY) or oxygen-conducting materi-
als like gadolimia-doped ceria (GDC), 1s dniven by multiple
technical advantages specific to reversible operation. While
proton-conducting ceramics operate at lower temperatures
(400-600° C.), they sufler from chemical instability in CO,
and H,O atmospheres, forming carbonates and hydroxides
that degrade conductivity by >50% within 1000 hours. YSZ
maintains complete phase stability across the entire opera-
tional envelope, showing no measurable degradation after
40,000 hours. Additionally, YSZ’s thermal expansion coel-
ficient (10.5x107° K™") closely matches the Ni-YSZ cermet
electrodes (12.5x107° K1), preventing delamination during
thermal cycling between electrolysis and fuel cell modes.
While GDC offers higher 1onic conductivity (0.15 S/cm at
750° C.), 1t becomes electronically conductive under reduc-
ing conditions (fuel electrode side), causing internal short-
circuiting that reduces eiliciency by 10-15%. The YSZ
membrane thickness of 10-15 um, achieved through tape
casting and co-sintering, provides suilicient mechanical
strength (>300 MPa flexural strength) to support the cell
structure while minimizing ohmic resistance to <0.135
Q-cm”.

The selection of yttrnia-stabilized zirconia (YSZ) electro-
lyte over conventional proton exchange membranes with
platinum nanoparticle catalysts on porous carbon supports
represents a fTundamental design choice driven by the revers-
ible operation requirements. While platinum on carbon
clectrodes achieve high performance in low-temperature
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(60-80° C.) fuel cells, they sufler from several insurmount-
able limitations for reversible solid oxide operation. At the
750-850° C. operating temperature of the present invention,
carbon supports would i1mmediately oxidize to CO.,
destroying the electrode structure. Furthermore, platinum
nanoparticles undergo severe sintering above 300° C., with
particle size increasing from 2-3 nm to >350 nm within hours,
resulting 1 >90% loss of active surface area.

The nickel-YSZ cermet fuel electrode 233 provides
unique advantages for reversible operation that platinum-
based catalysts cannot match. During fuel cell mode, the
nickel phase provides electronic conductivity and catalytic
activity for hydrogen oxidation, while the YSZ phase pro-
vides 1onic conductivity and structural stability. Critically,
during electrolysis mode, the same nickel phase catalyzes
water reduction without the carbon corrosion that occurs in
PEM electrolyzers above 1.5V. The cermet structure main-
tains a triple-phase boundary length of >10" m/m” through-
out 10,000+ cycles, whereas platinum on carbon electrodes
lose >30% of their electrochemically active surface area
alter only 1,000 cycles 1n reversible operation due to carbon
corrosion during electrolysis.

The graded porosity structure from 30% to 55% 1n the fuel
clectrode 233 addresses mass transport limitations that can-
not be resolved with platinum-carbon architectures. In con-
ventional platinum-carbon electrodes, the carbon support
requires 30-40% Nafion 1onomer loading to create 1onic
pathways, which blocks gas diffusion pores and creates
flooding 1ssues during water electrolysis. The present inven-
tion’s graded porosity eliminates this trade-ofl: the 30%
porosity near the electrolyte interface maximizes triple-
phase boundary density for reaction sites, while the increas-
ing porosity toward the current collector ensures adequate
gas diffusion for both H,O delivery (electrolysis) and H,
removal (fuel cell) without 1onomer-induced transport limi-
tations.

The 1nfiltrated catalyst layer comprising cerium-gado-
lintum oxide (CGO) with dispersed platinum-ruthenium
nanoclusters represents a departure from conventional bulk
platinum loadings. Traditional PEM ftuel cells require 0.4-
0.8 mg/cm” of platinum, costing >$50/kW in catalyst alone.
The present invention uses <0.01 mg/cm® of platinum-
ruthenium only as a surface promoter on the CGO mixed
ionic-electronic conductor. The CGO provides the primary
catalytic activity through 1ts oxygen storage capacity and
mixed conductivity, while the Pt-Ru nanoclusters lower
activation barriers at specific sites. This configuration main-
tains performance while reducing precious metal content by
>95% compared to PEM systems.

The thermal stability advantages of the ceramic-based
rSOC over platinum-carbon systems enable the thermal
integration of the present ivention. Operating at 750-850°
C., the rSOC assembly can directly utilize high-grade heat
from exothermic fuel cell operation for endothermic elec-
trolysis, improving efliciency by 15-20%. Platinum-carbon
systems operating below 100° C. cannot meaningiully store
or utilize thermal energy due to the small temperature
differential with ambient conditions. The ceramic materials
exhibit thermal expansion coeflicients matched within 0.5x
107°/K, preventing delamination during thermal cycling,
whereas platinum-carbon-Nafion assemblies experience
irreversible degradation from differential expansion during
repeated wet-dry cycles.

The LSCF air electrode 234 provides advantages over
platinum-based oxygen electrodes that are particularly
important for reversible operation. During electrolysis, oxy-
gen evolution at high current densities (>2 A/cm”) rapidly
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degrades platinum catalysts through oxide formation and
dissolution. LSCF maintains stable performance through a
bulk oxidation-reduction mechanism rather than surface
catalysis, with the perovskite structure accommodating oxy-
gen vacancies without structural degradation. The material’s
clectronic conductivity of >100 S/cm at operating tempera-
ture eliminates the need for carbon supports entirely, remov-
ing the primary degradation mechamsm of conventional
clectrodes.

The atomic-level structure of the iterfaces demonstrates
why ceramic materials enable superior reversible operation.
The YSZ/N1 interface maintains coherent grain boundaries
with continuous 1on conduction paths, whereas platinum
nanoparticles create 1solated reaction sites requiring 10no-
mer bridges. The CGO 1nfiltration forms a conformal coat-
ing that preserves the underlying cermet structure while
providing additional catalytic sites. In contrast, conventional
platinum redeposition during cycling leads to agglomeration
and loss of active area.

The system achieves round-trip efliciency exceeding 50%
through coordinated operation of its components.
Multi-Stage Compression System

As 1llustrated 1n FIG. 3, the compression system employs
a novel four-stage compression train with intercooling
between stages. Each compressor stage achieves a pressure
ratio of 4.3:1, resulting in final storage pressure of 350 bar
while maintaining near-isothermal compression efliciency
(n=1.05).

The compression system comprises four stages: a stage 1
302, a stage 2 308, a stage 3 310, a stage 4 312, intercool-
ers—an 1ntercooler 1 304, an intercooler 2 314, and an
intercooler 3 316 between each pair of stages, and an
expansion turbine 306,

Intercoolers 1-3, 304-316, are integrated with the rSOC
thermal management system, preheating inlet air for the air
clectrodes during fuel cell operation. The fourth compres-
s10on stage 254 uniquely incorporates magnetic bearings and
operates at 120,000 RPM, achieving the final pressure boost,
while eliminating lubrication contamination of the hydrogen
stream.

The expansion turbine 306 recovers energy during hydro-
gen discharge, achieving 78% 1sentropic efliciency through
a novel vaniable inlet guide vane system that maintains
optimal 1ncidence angles across varying flow rates.
Hybrid Storage System

FIG. 4 details the hybrnd storage system combining con-
ventional Type IV pressure vessels 402 with metal organic
framework MOF-5 modules 406 connected by a routing
valve 404. The MOF modules contain pelletized MOF-5
modified with platinum (pt) nanoclusters that enhance
hydrogen uptake kinetics by 300%.

The storage system stores produced hydrogen 1n a hybnd
system ol pressure vessels and metal organic frameworks
The system intelligently routes hydrogen between storage
modes based on demand predictions for discharge require-
ments. High-pressure tanks 402 serve rapid discharge needs
while MOF-5 modules 406 provide dense storage for sea-
sonal applications.

The MOF-5 modules 406 operate at ambient temperature
and 35 bar, storing 6.5 wt % hydrogen.

The storage system achieves volumetric storage density
three-four times greater than conventional pressure vessels
alone.

Thermal Integration Network

A thermal management system, FIG. 5, using phase
change materials (PCM) maintains 1sothermal conditions
during the exothermic absorption and endothermic desorp-
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tion processes. FIG. 5 depicts the comprehensive thermal
integration network. To address the thermal mismatch
described 1n the Background section, the molten salt storage
502 captures the might-time heat. By retaining this thermal
energy for 8-12 hours, the system enables the rSOC to
operate at 850° C. during the day without parasitic electrical
heating, raising etliciency to 52%.

The system comprises a molten salt storage 502, a rSOC
stacks heat source 504, a first heat exchanger 506, power
clectronics 508, an absorption chiller 510, a water preheater
512, compression 1intercoolers 314, and a second heat
exchanger 516.

The high-grade heat loop 518 manages the central inter-
action: utilizing the intense heat generated by the fuel cells
to drive the efliciency of the electrolyzers later.

The network recovers and stores waste heat during exo-
thermic fuel cell operation. When the Reversible Solid
Oxide Cell (rfSOC) stacks 504 operate 1 fuel cell mode
(typically at night), the reaction 1s highly exothermic, gen-
crating high-grade heat at approximately 850° C. This heat
1s stored 1n a ternary chloride eutectic mixture. Instead of
venting this heat, the system transfers 1t to molten salt
storage 502. A ternary chloride eutectic mixture (e.g.,
NaCl—KCl—Mg(Cl,), unlike standard solar salts, remains
stable up to 900° C. The salt tanks hold this thermal energy
for 8-12 hours, eflectively bridging the gap between night-
time generation and day-time charging.

When solar power becomes available, the system
switches to electrolysis mode. This reaction 1s endothermic
(heat-absorbing). The stored molten salt 502 circulates back
through corrosion-resistant first heat exchanger 506 to heat
the rSOC stacks 504. This stored heat 1s supplied to the
rSOC, providing the entropic contribution ($T\Delta S$)
required for the reaction. By supplying this stored heat, the
rSOC stacks do not require parasitic electrical heating. This
allows the electrolysis process to proceed at a voltage o1 2.6
V per cell rather than the 3.2 V required by cold electrolysis,
boosting electrolysis efliciency by 15-20%.

The medium grade heat cascade 520 loop for compression
and water preheating recovers moderate heat produced dur-
ing hydrogen compression to prepare water for the elec-
trolysis process. The compression intercoolers 514 generate
medium-grade heat (200-400° C.) as they cool the hydrogen
gas between compression stages. This heat 1s routed to a
cascade of second heat exchangers 516. These exchangers
transier the heat to the process water supply in the water
preheater 512, preheating it before it enters the rSOC stacks
for electrolysis. This reduces the energy load required to
bring the water up to steam temperature.

The low-grade heat recovery 522 loop for electronics and
chulling scavenges the remaining low-temperature waste
heat for auxiliary cooling functions. The power electronics
508 systems generate low-grade heat (<100° C.). This heat
1s directed to an absorption chiller 510. The chiller uses this
heat energy to produce cooling, which 1s then sent to the
MOF (Metal Organic Framework) Modules. This cooling
supports the MOF storage units, which require thermal
management to maintain 1sothermal conditions during
hydrogen absorption.

An absorption chiller works by using heat energy to drive
a chemical process rather than using a mechanical compres-
sor like a standard refrigerator. Inside the chiller, a refrig-
crant water, i one embodiment, evaporates 1 a low-
pressure chamber. This evaporation absorbs heat from the
water loop to be cooled, 1n this case, the loop going to the
MOF modules. The refrigerant vapor 1s absorbed by a
chemical solution (the ““absorbent,” Lithium Bromide or
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Ammonia, 1n one embodiment). This pulls the vapor out of
the evaporator, maintaining the low pressure needed for
cooling. The “waste heat” from the power electronics 1s
applied to this solution 1n a generator. The heat boils the
refrigerant out of the absorbent, separating them so the cycle
can start over. By using this cycle, the system turns the
“waste” heat from one part of the machine (electronics) into
uselul cooling for another part (storage), increasing overall
elliciency.

High-temperature heat (850° C.) from fuel cell operation
1s stored 1 a two-tank molten salt system using a high-

temperature ternary chloride eutectic mixture (e.g., NaCl—
KCl—MgCl, or NaCl-—KCI-ZnCl,) maintained under an
inert atmosphere. Unlike nitrate-based solar salts which
decompose above 600° C., this chloride-based medium
remains stable up to 900° C., allowing for direct thermal
coupling with the rSOC stack. During electrolysis, this
stored heat 1s delivered through corrosion-resistant first heat
exchangers 506 (e.g., Hastelloy-N or ceramic-lined) to
maintain optimal rSOC temperature without electrical heat-
ng.

Medium-temperature heat (200-400° C.) from compres-
s1on 1tercoolers 514 preheats process water for electrolysis
through a cascade of second heat exchangers 516. Low-
temperature heat (<100° C.) from power electronics 508
cooling provides facility heating or drives an absorption
chuller 510 for MOF temperature control.

Temperature variation across each cell 1s maintained
below 10° C. by the heat plpes 236. The thermal network
achieves 89% heat recovery efliciency, improving overall
system round-trip efliciency from 38% (conventional) to
52% (present invention).

Predictive Control System

FIG. 6 illustrates the predictive control system architec-
ture. A long/short-term memory (LSTM) neural network 602
processes multiple data streams: weather forecasts 604,
satellite 1magery 606, grid demand 608, market prices 610,
and system state 612.

The system comprises an LSTM neural network 602, a
weather forecast 604, satellite imagery 606, grid demand
608, market prices 610, system state 612, a mode 1: direct
elec 614, a mode 2: thermal assist 616, a mode 3: fuel cell
618, a mode 4: combined heat and power (CHP) 620, a mode
5: bypass 622, and hidden layers 624. Data acquisition
modules acquire data for weather, grid demand, and market
prices

The LSTM neural network 602 1s trained on 5 years of
historical data and continuously updates using remforce-
ment learning with a reward function that balances efli-
ciency, revenue, and component longevity. The reinforce-
ment learning module provides continuous model updating.
The system predicts optimal operating modes 72 hours 1n
advance with 94% accuracy.

Dynamic Stack Reconfiguration

Retferring to FIG. 7, the power electronics configuration
dynamically reconfigures reversible solid oxide cell stacks
between series and parallel connections to match solar input
voltage. It enables dynamic reconfiguration of the rSOC
stacks without power conversion losses. A matrix of silicon
carbide (S1C) switches 702 operating at 10 kHz can recon-
nect stacks from series to parallel configurations in <100
microseconds, matching the varying voltage of the solar
array to the optimal operating voltage of the cells.

The system comprises a silicon carbide (SIC) switch

matrix 702, a solar array 704, a DC mput 706, a stack n
rSOC 708, a stack 2 rSOC 710, and a stack 3 rSOC 712.
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In high solar 1irradiance conditions, the solar cells generate
high levels of current. The stacks are connected 1n parallel
for high current electrolysis. During cloud transients or low
light, the solar cells generate lowers levels of current, and
the stacks automatically reconfigure to series connection,
maintaining operation without drawing grid power.
Dynamic reconfiguration occurs without power electronics
conversion losses. This eliminates the 3-5% losses associ-
ated with DC-DC converters 1n conventional systems.
Operational Modes

As shown 1n FIG. 8, the control algorithm 800 evaluates
five operational modes:

Mode 1—Direct electrolysis 818: Solar DC directly to

rSOC 1 SOEC mode.

Mode 2—Thermally-Assisted Electrolysis (820): Uses

stored molten salt heat.

Mode 3—Fuel Cell Generation (822): rSOC i SOFC

mode to grid.

Mode 4—Combined Heat and Power (824): Fuel cell with

heat export.

Mode 5—Bypass Storage (826): Direct solar to grid with

battery bufler.

The algorithm evaluates each mode using a cost function
incorporating predicted efliciency, market revenue, degra-
dation cost, and grid stability value. Mode transitions are
optimized to minimize thermal cycling stress on the rSOC
stacks.

FIG. 8 1llustrates a method of use, comprising: a start 802
step, a data acquisition 804 step comprising a weather
forecast 806 acquisition step, cost function 810 computation,
and evaluate modes 808 step, select optimal 814 mode step,
selecting among the plurality of modes, followed by an
execute mode 816 and an update learning 812 step.

The algorithm evaluates each mode using a cost function
incorporating predicted efliciency, market revenue, degra-
dation cost, and grid stability value. Mode transitions are
optimized to minimize thermal cycling stress on the rSOC
stacks.

Although FIG. 8 depicts a particular sequence of opera-
tions, the sequence may be altered without departing from
the scope of the present disclosure. For example, some of the
operations depicted may be performed in parallel or 1n a
different sequence that does not materially atiect the func-
tion of the routine. In other examples, different components
of an example device or system that implements the routine
may perform functions at substantially the same time or in
a specific sequence.

Modular Expansion

As 1llustrated 1n FIG. 9, the system architecture supports
modular expansion through standardized 2350 kW rSOC
modules 906-912 that connect via a DC bus architecture
902. The predictive adaptive control system 904 automati-
cally incorporates new modules and retrains its neural
networks to optimize the expanded system. Expansion may
also comprise adding one or more H2 storage C 926 to mitial
H?2 storage A 922 and H2 storage B 924.

Water Management Subsystem

An integrated water management system 900 (not shown)
captures product water from fuel cell operation 1n a zeolite
adsorption system operating at 10> mbar. The captured
water 1s purified through a reverse osmosis system powered
by pressure recovery from the hydrogen expansion turbine,
achieving >18 ME2-cm resistivity required for electrolysis.
Performance Predictions

The system 1s predicted to achieve:

Round-trip efliciency: 352% (electricity-to-electricity)

Electrolysis efliciency: 89% (HHV) with thermal assist
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Fuel cell efliciency: 65% electrical, 85% combined heat
and power
Response time: <2 seconds for mode transitions
Degradation rate: <0.5%/1000 hours
Economic modeling shows levelized cost of storage
(LCOS) of $0.08/kWh for daily cycling and $0.04/kWh for
seasonal storage, compared to $0.15/kWh and $0.50/kWh

respectively for conventional hydrogen systems.

I claim:

1. An adaptive multi-mode solar energy storage system
comprising;

a photovoltaic array;

a plurality of reversible solid oxide cell (rSOC) stacks
capable of operating alternately 1n electrolysis mode
and fuel cell mode;

wherein each of said rSOC stacks comprises a plurality of
cells, each comprising a fuel electrode, a cathode, an
clectrolyte, a catalyst, and a current collector;

wherein each of said electrodes comprises an electrolyte
interface and a current collector interface;

a predictive control system employing machine learning
algorithms to forecast energy patterns and select opti-
mal operational modes;

a multi-stage compression system with intercooling and
energy recovery;

a hybnid storage system combining pressure vessels and
metal organic framework modules;

a thermal integration network capturing and utilizing
waste heat between said adaptive multi-mode solar
energy storage system components:

wherein the photovoltaic array 1s electrically coupled to
the plurality of rSOC stacks to provide energy for the
clectrolysis mode;

wherein the multi-stage compression system 1s 1n fluid
communication with the rSOC stacks to compress
hydrogen generated during the electrolysis mode;

wherein the hybrid storage system 1s coupled to the
multi-stage compression system to receive and store the
compressed hydrogen; and

a DC coupling and control network operatively intercon-
necting said photovoltaic array, rSOC stacks, multi-
stage compression system, hybrid storage system, ther-
mal integration network, and predictive control system
such that said predictive control system coordinates
operation of said photovoltaic array, stacks, systems,
and network in multiple distinct operating modes;

wherein said adaptive multi-mode solar energy storage
system achieves round-trip efliciency exceeding 50%
through coordinated operation of said array, stacks,
systems, and network.

2. The adaptive multi-mode solar energy storage system
of claim 1, wherein said rSOC stacks comprise cells with
graded porosity fuel electrodes varying from 30% porosity
at the electrolyte interface to 55% porosity at the current
collector.

3. The adaptive multi-mode solar energy storage system
of claim 2, wherein said fuel electrodes further comprise an
infiltrated catalyst layer of certum-gadolinium oxide with
dispersed platinum-ruthenium nanoclusters of between 2
and 3 nm diameter.

4. The adaptive multi-mode solar energy storage system
of claim 1, wherein said predictive control system comprises
a long/short-term memory neural network processing
weather forecasts, satellite 1imagery, grid demand, and mar-
ket prices to predict optimal operating modes 72 hours in
advance.
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5. The adaptive multi-mode solar energy storage system
of claim 4, wherein said predictive control system selects
among five operational modes:

a direct electrolysis mode;

a thermally-assisted electrolysis

mode;

a fuel cell generation mode;

a combined heat and power

mode; and

a bypass storage mode.

6. The adaptive multi-mode solar energy storage system
of claim 1, further comprising a dynamic stack reconfigu-
ration system with a matrix of silicon carbide switches
enabling series-parallel reconnection of rSOC stacks 1n less
than 100 microseconds.

7. The adaptive multi-mode solar energy storage system
of claim 1, wherein said multi-stage compression system
comprises four stages achieving 350 bar final pressure with
near-1sothermal compression efliciency where the polytropic
exponent, n, 1s less than 1.05.

8. The multi-stage compression system of claam 7,
wherein a fourth stage of said four stages incorporates
magnetic bearings capable of operating at 120,000 RPM.

9. The adaptive multi-mode solar energy storage system
of claim 1, wherein said hybrid storage system comprises
metal organic framework modules contaiming MOF-5 modi-
fied with platinum nanoclusters, achieving 6.5 wt % hydro-
gen storage at 35 bar and ambient temperature.

10. The adaptive multi-mode solar energy storage system
of claim 1, wherein said thermal integration network com-
Prises:

a molten salt thermal storage system operating at 850° C.;

cascade heat exchangers recovering heat generated by

said multi-stage compression system; and

an absorption chiller powered by low-grade waste heat;

and
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wherein said network achieves greater than 85% heat

recovery elliciency.

11. A method for operating an adaptive solar energy
storage system comprising:

generating a forecast of energy demand, weather patterns,

and market conditions using one or more machine
learning algorithms;
selecting an optimal operational mode from multiple
available modes based on said forecasting;

dynamically reconfiguring reversible solid oxide cell
stacks between series and parallel connections to match
solar mput voltage, wherein each stack comprises a
plurality of cells;

operating said cells 1n electrolysis mode during excess

solar generation to generate hydrogen;

storing the hydrogen produced by said electrolysis mode

in a hybrnid system of pressure vessels and metal
organic frameworks;

operating said cells in fuel cell mode during energy

demand:;

recovering and storing waste heat during exothermic fuel

cell operation; and

utilizing stored heat during endothermic electrolysis

operation.

12. The method of claim 11, wherein said dynamically
reconfiguring further comprises continuously retraiming said
machine learning algorithms using reinforcement learming,
with a reward function balancing efliciency, revenue, and
component longevity.

13. The method of claim 11, wherein said reconfiguration
occurs dynamically without power electronics conversion
losses.

14. The method of claim 11, further comprising routing
hydrogen between storage modes based on predicted dis-
charge requirements.
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