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Abstract of the Dissertation
Evaluation of Dynamic Reversible Chemical Energy Storage with High Temperature
Electrolysis
By
Derek McVay
Doctor of Philosophy in Mechanical and Aerospace Engineering
University of California, Irvine, 2017
Professor Jack Brouwer, Chair
Renewable power generation is intermittent and non-dispatchable, but is steadily increasing in
penetration due to lower costs associated with installation and demand for clean power generation.
Without significant energy storage available to a grid with high renewable penetration, a mismatch
between the load and the power available can. Furthermore, advanced high temperature nuclear
reactors offer clean power generation, but only at a baseload operation scenario due to the
significant thermal inertia associated with the reactor. Also, natural gas is expected to continue to
play a major role during and after the transition from modest renewable use to a majority of
renewable penetration, but will need to have a reduced carbon footprint. In this study, the storage
of otherwise curtailed renewable power through hydrogen via high temperature electrolysis and
the dispatch of shifted renewable power through hydrogen via reversible high temperature fuel
cells is studied on a system level utilizing spatially resolved dynamic physical system models built
upon fundamental principles. Reversible solid oxide fuel cell (RSOFC) systems are considered for
the bulk of the analysis for standalone, thermally self-sufficient systems using a combustor and

xvii

resistive heaters. RSOFC systems are also considered for integration with renewable power for
storage and dispatch of renewable power at various scales including grid-scale energy storage.
Additionally, a nuclear reactor is coupled with a solid oxide electrolyzer system in order to study
the ability of dispatching a nuclear power plant by shifting the heat from the turbine generators to
the electrolyzer during periods of high renewable generation. Molten carbonate electrolysis used
in a reformer-electrolyzer-purifier (REP) concept is considered for the generation of hydrogen
from steam and natural gas where the power input is renewable resulting in a portion of renewable
hydrogen from natural gas feedstock. The results of the work provide valuable insights into the
steady-state and dynamic operation of RSOFC systems under various loads and system
configurations. Integration with renewables, nuclear, and grid energy storage were studied and the
benefits and challenges discussed. The REP integration with renewable power and natural gas
feedstock was verified with experimental data and dynamic simulations were conducted.

xviii

Chapter 1: Introduction
1.1 Motivation
In 2013 the California Independent System Operator (CAISO) predicted that increased
renewable penetration in the form of solar PV on the California grid would decrease the overall
demand on traditional power generation technologies in the middle of the day and create a
significant increase in demand in the evening hours of a given day. This presents a two-fold
challenge wherein power generators need to turn down in the middle of the day and operate less
efficiently and they need to be able to quickly ramp up their output as the sun goes down. This
effect is illustrated in Figure 1, also known as the Duck Curve.

Figure 1. Predicted California grid demand with increased solar penetration. Source:
https://www.caiso.com/Documents/FlexibleResourcesHelpRenewables_FastFacts.pdf
1

Figure 2 includes data between 2012 and 2017 showing that the Duck Curve is taking shape in
the California grid. Storage of otherwise curtailed energy will be able to flatten out the duck curve
which will have the benefit of utilizing more renewable power as well as reducing the ramps
evident at the beginning and end of the solar day.

Figure 2. Actual California grid demand data from CAISO. Source: Energy Information
Administration (EIA) https://www.eia.gov/todayinenergy/detail.php?id=32172
Several energy storage technologies have been under consideration for some time including
solid-state batteries, flow batteries, ultra-capacitors, pumped hydro, compressed air or gas, vehicle
to grid (V2G), and electrolysis or power-to-gas (P2G) [1]–[4]. Each of these technologies exhibit
various advantages and disadvantages, are at different levels of maturity, and have different levels
of cost. It is impossible to predict exactly which technology, if any, will prove to be most beneficial
and be adopted on a grid-scale for the purpose of storing otherwise curtailed renewable energy.
The current work considers high temperature electrochemical conversion of water to hydrogen and
oxygen utilizing otherwise curtailed renewable energy, or P2G. High temperature electrochemical
2

cells can generate hydrogen from water more efficiently than low temperature electrolyzer cells as
a result of the fundamental advantages that exist in high temperature electrolysis. Namely,
decreased electrochemical overpotentials at high temperatures allow for higher efficiency
hydrogen generation [5]–[9]. High temperature operation also allows for some fuel reforming to
occur in high temperature electrochemical cells; in fuel cell operation, these systems can be fuel
flexible, utilizing hydrogen, methane, or higher hydrocarbons. In electrolysis operation, water and
carbon dioxide can be utilized to generate hydrogen and carbon monoxide syngas and some
amount of methane depending on the specific operating parameters. The system development of
high temperature electrochemical cells introduces challenges associated with thermal management
since electrolysis is endothermic and fuel cell operation is exothermic. Therefore, this study will
consider the thermal management, operation, and response to dynamics of such a system under
various parameters dynamics associated with renewable generation.

1.2

Overview
The current work considers high temperature electrolysis via solid oxide electrolysis cells

(SOEC) and molten carbonate electrolysis cells (MCEC) which are capable of producing
renewable hydrogen and oxygen during periods of solar or wind curtailment and power during
periods of high electrical demand. A system that is capable of switching between consuming power
and generating power may also need to be capable of idling. The challenge exists in maintaining
the operating temperature of the stack and other high temperature components for each mode of
operation (fuel cell, electrolyzer, and idling or stand-by). Figure 3 presents a possible configuration
for a reversible solid oxide fuel cell (RSOFC) system. In the case where no external heat is
available, a combustor or resistive heaters is necessary in order to maintain system operating

3

temperatures. Alternative heat sources such as solar thermal power or nuclear heat can also be used
to preheat inlet gases to a given set point required for RSOFC operation.
From HX

Combustor Exhaust

H2
From HX

H2 Fuel

HX

H2O/H2

H2O dropout
RSOFC

H2/H2O
Fuel

To dropout

External Heat Source

Oxidant
To combustor
Fresh Air
HX
Exhaust

Makeup water

Figure 3. Potential configuration for RSOFC system
MCECs require lower operating temperatures and carbon dioxide in the cathode channel since
carbonate ions traverse the electrolyte for these types of cells. In order for a 𝐶𝑂3= carbonate ion to
be generated within the cathode, an oxygen atom is more likely to be removed from a water
molecule than from another carbon dioxide molecule. As a result, hydrogen is generated in the
cathode of an MCEC while, simultaneously, 𝐶𝑂2 is removed from the channel. For a 𝐻2 𝑂/𝐶𝑂2
feedstock into an MCEC, the resultant hydrogen outlet can reach high purity with a high 𝐶𝑂2
utilization. Natural gas or biogas feedstock that has been externally reformed is an ideal candidate
for such a process. Steam-methane reformation (SMR) reactors require greater than stoichiometric
amounts of steam to avoid coking, so the carbon dioxide from the outlet stream of an SMR can be
removed very easily with an MCEC at high efficiency and with renewable power input. A stack
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capable of reforming, electrolyzing, and purifying a feedstock of methane reformate is referred to
as reformer-electrolyzer-purifier (REP) [10], [11].
The National Fuel Cell Research Center (NFCRC) acquired an RSOFC short stack test stand
from SolidPower which is shown in Figure 4. Since conventionally the names of the two electrodes
(anode and cathode) change depending on the mode of operation (fuel cell vs. electrolysis), what
is normally called the anode in fuel cell operation will be referred to as the fuel electrode and the
cathode will be referred to as the oxygen or oxidant electrode, throughout. SolidPower cells have
an electrolyte which is made up of 8 mol% yttria stabilized zirconia (YSZ) with ionic conductivity
reported at 4.0 × 10−2 S/cm. The fuel electrode is made up of a nickel/YSZ cermet and the oxygen
electrode is made up of lanthanum strontium cobalt ferrite and the barrier layer of gadolinium
doped ceria (GDC + LSCF). The stack is a fuel electrode supported stack with a fuel electrode
thickness of 240 𝜇𝑚, an electrolyte thickness of 8 𝜇𝑚, and an oxygen electrode thickness of 40
𝜇𝑚. Several experiments of separate solid oxide electrolysis cell (SOEC) and solid oxide fuel cell
(SOFC) short stacks have been conducted, but there are very few published results that focus on
any dynamic behavior of SOCs [12]–[21]. The short stack test stand installed at the NFCRC was
utilized for model verification as well as other studies related to RSOFC operation. The short stack
contained six cells and was capable of producing about 140 W in fuel cell mode or consume 230
W in electrolysis mode.
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Figure 4. SolidPower short stack mounted on the test bench

1.3 Goal
The goal of the current research is to advance the concept and performance of a reversible
high-temperature electrolyzer system. The results of this work will advise current and future
endeavors toward enabling high temperature electrolyzer and fuel cell systems. In order to achieve
the dissertation goal, the following objectives were developed.

1.4 Objectives
Objective 1. Develop an understanding of current available technology, key system integration
challenges, and future trends with respect to performance and costs.
Objective 2. Perform various V-j characteristic tests on a reversible SOC stack for model
verification.
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Objective 3. Physically model an RSOFC system that can operate under various operating
conditions and fuels.
Objective 4. Investigate standalone RSOFC system configurations with a combustor and
resistive heater.
Objective 5. Investigate renewable integration with the RSOFC system with respect to
renewable dynamics and renewable heat addition.
Objective 6. Investigate nuclear integration with an RSOFC system with respect to nuclear
heat availability and dynamics.
Objective 7. Physically model an MCEC in support of the reformer-electrolyzer-purifier
concept.
Objective 8. Investigate grid-level integration of RSOFC systems with existing natural gas
storage facilities.
Various tasks were developed to in order to complete each objective which are discussed in
more detail in Chapter 3 below.
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Chapter 2: Background
2.1 Reversible Solid Oxide Fuel Cells
For several reasons, sources of renewable power have become increasingly important to
utilities and utility customers alike. Increasing global temperatures resulting from increased
greenhouse gas emissions into the atmosphere over the course of the industrial age is one major
concern. The availability of fossil fuels is further reduced as record amounts are consumed each
year; these same fuels are also often controlled by foreign governments, thus putting a strain on
the ability to maintain national security. These concerns, as well as other environmental concerns
that exist as a direct result of burning fossil fuels, can be mitigated by introducing renewable power
sources such as wind and solar farms. Renewable sources, which do not rely on fossil fuel input,
can reduce overall greenhouse gas emissions, provide localized power generation (thereby
improving energy security), and reduce environmental impacts if managed properly. Challenges
exist in the deployment of these technologies which include: cost, availability of land, proximity
to utilization, integration with the existing electrical grid, and variability of power output among
others [22]–[25]. A significant challenge to renewable power sources is that they cannot be
appropriately dispatched in the case when there is less demand than available power. Furthermore,
renewable power plants must curtail their load when demand is not sufficient to accept the load.
This results in a negative economic impact in terms of payback on capital investment due to
stranded assets that are either generating too much power or not enough power. A significant
contribution to renewable power sources can be made if sufficient technologies that enable
utilization of curtailed power can be realized [26]–[28].
Fuel cell technology has been studied for over 150 years and various types of fuel cells have
been developed commercially for different applications. Different types of fuel cells are usually
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distinguished by the materials from which they are made which typically suggest the fuel cell’s
operating temperature. Some of the more mature types of fuel cells include proton exchange
membrane (80 °C), phosphoric acid (200 °C), alkaline (60 °C – 220 °C), molten-carbonate (650
°C), and solid oxide (600 °C – 1000 °C) [29]. Molten-carbonate (MCFC) and solid oxide fuel cells
(SOFC) are interesting not only because of their high operating temperature, but also because they
work with oxidizing ions that traverse the electrolyte. Fuel cells with these characteristics are
generally more efficient due to lowered activation polarization and they are capable of being fuel
flexible, or in other words, they can be fueled by hydrogen or by hydrocarbon fuels. The MCFC
requires carbon dioxide in the cathode stream so that the carbonate ion (𝐶𝑂3= ) can be generated to
traverse the electrolyte. The SOFC has no such requirement since O= is the ion that goes across
the electrolyte. Therefore, the balance of plant for an SOFC is somewhat simpler than for an
MCFC. However, the thermal integration of an SOFC can be difficult due to the higher operating
temperature and constraints on temperature gradients [30]–[32].
When current is applied to a fuel cell in the reverse direction and enough water is supplied to
the fuel electrode, the fuel cell becomes an electrolyzer and will split water into hydrogen and
oxygen gas. For an SOFC, normally the O= ions travel from the cathode to the anode. An SOEC
has a current applied in the opposite direction, thus splitting water in the fuel electrode and sending
O= ions from the fuel electrode to the oxygen electrode. The resultant products are then hydrogen
and steam from the fuel electrode and oxygen enriched air from the oxygen electrode. Although
commercial systems are typically designed to operate either as a fuel cell or an electrolyzer
separately, research is ongoing to make a reversible system with at least one demonstration RSOFC
system completed by The Boeing Company.
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One idea to make use of the curtailed power is called power-to-gas (P2G) where pure hydrogen
and oxygen are generated via electrolysis and can then be separately stored and used at a different
time when variable renewable power sources are not available. The pure hydrogen can be
combusted in a heat engine or it can be used to generate electricity directly from fuel cells. The
hydrogen could also be used in fuel cell vehicles, thus displacing petroleum related pollutant
emissions and greenhouse gases. A problem with the latter paradigm is that no robust infrastructure
currently exists that can transport large amounts of pure hydrogen over large distances. Efforts are
being made, especially in California, to address this issue, but significant progress will take years
to occur [33]–[40]. As an alternative, pure hydrogen can be pumped and stored for later use in the
existing natural gas pipelines which already span the United States. This existing infrastructure
can provide a stop-gap solution until a robust hydrogen infrastructure is realized. Significant
studies have been conducted and are ongoing that consider the impacts of hydrogen-enriched
natural gas on existing pipelines as well as end-uses [41]–[46]. It may be that the existing natural
gas pipelines can help to enable the hydrogen economy via P2G; this would ultimately boost the
ability of renewable power sources to provide the economic and environmental benefits needed in
order to be more widely adopted. For applications that require pure hydrogen (such as fuel cell
vehicles), the hydrogen can be separated from the natural gas pipeline at centralized or distributed
locations.
The current work is supported by previous works which stand as the basis for the technology
in its current state. SOFCs are primarily made up of ceramic materials usually with a yttriastabilized zirconia electrolyte. The first ceramic fuel cell operated at 1000 °C was achieved by
Baur and Preis in 1937 [47]. Since then, various research efforts by academics and companies have
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brought SOFC technology to commercialized systems currently built by various U.S., European,
and Japanese companies.
SOEC research and development often takes place separate from SOFC research and
development. Research on RSOFC systems is becoming more important as demand for renewable
energy is increasing across the globe. One of the first considerations for the difference between
SOEC and SOFC might be the geometry of the cell itself. Planar and tubular cells each show their
advantages and disadvantages. However, the electrochemical performance of a cell generally does
not depend on geometry [48]–[50]. On the current state-of-the-art of the manufacturing process of
a cell, a single-step co-firing process reduces the number of production steps and energy required.
This procedure entails adding multiple layers and sintering them all at the same time with the cofiring temperature controlled closely so as to properly form the electrodes and electrolyte. Nickel
based electrodes are then reduced to remove any NiO from the hydrogen electrode [51]–[54].
The performance of the electrochemical cell depends heavily on the ionic conductivity of the
electrolyte. SOFCs require high performing electrolytes since most of the overpotential is
attributed to ohmic losses resulting from ions traversing the electrolyte. High temperatures and
small thicknesses have been shown to be important parameters with regards to electrolyte
performance independent of material. At temperatures greater than 700 °C, YSZ has the lowest
area specific resistance (ASR) relative to other electrolyte materials including other zirconia based
electrolytes, ceria based, LaGaO3 based, and proton conducting electrolytes. At lower
temperatures, protonic electrolytes and ceria based electrolytes exhibit lower ASR [49], [50], [55]–
[75].
YSZ has been a commonly used electrolyte for SOFCs for some time even though other
materials perform better in specific operating parameters. Another zirconia based electrolyte is the
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more expensive scandia-stabilized zirconia. At temperatures between 800 – 900 °C the ScSZ
electrolyte has a higher ionic conductivity than YSZ. However, the ASR is greater and exhibits
greater degradation with thermal cycling. Other zirconia composites containing ceria exhibit
similar traits to ScSZ with high ASR and high degradation [49], [76], [77]. Single phase ceria
based electrolytes don’t show any improvement of ASR or ionic conductivity except at
intermediate temperatures (600 – 700 °C) [58], [78]–[80]. Bi-layered ceria based electrolytes have
shown improvements over single phase ceria electrolytes as well as YSZ and ScSZ electrolytes.
The durability of the bi-layered electrolytes also suggest better performance, but long term tests
have yet to be conducted [67], [81]–[84].
Fuel electrodes are often made up of a combined metal and ceramic or cermet. Ni/YSZ
electrodes are usually used in SOFCs, though other materials have been investigated for SOEC
and RSOFC systems. Copper instead of nickel has been investigated and has achieved a slightly
higher hydrogen production than that of Ni/YSZ [85], [86]. Other cermet materials have been
investigated which include iron, thiospinels, metal sulfides, and perovskites. These materials each
offer improvements on the typical Ni/YSZ or Cu/YSZ cermet, but so far, generally, require further
research before commercialization inside an RSOFC [87]–[90].
Lanthanum strontium manganite (LSM) and other perovskites are usually favored for the
oxygen electrode for their electrical conductivity and the close match of the thermal expansion
coefficient with a YSZ electrolyte [91], [92]. Recent research on LSM and other perovskites
attempts to incorporate mixed ion and electronic conductors (MIEC) in order to improve
electrocatalytic activity. MIECs can also improve stability compared with LSM for RSOFC along
with lower ASR [93]–[95]. Electrical stress is associated with degradation of lanthanum strontium
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cobalt ferrite (LSCF) oxygen electrodes wherein SrCoOx is formed resulting in reduced
electrocatalytic activity [96], [97]
Computer modeling of SOFCs has been an important tool for analyzing SOFC operation and
performance. There are several model descriptions and results in the literature for SOFC operation
that cover details from the micro-level [98]–[104] up to system level design, control, and
optimization [105]–[111]. The thermal response of a cell under a given transient (such as a step
change in current) modeled spatially provides greater accuracy than a theoretical approach with
regards to the thermal time constant. Fischer et al. show that the theoretical time constant, which
depends upon the total heat capacity and total heat flows, does not accurately depict the actual
thermal response of a cell due to the low thermal conductivity of typical ceramics used in solid
oxide electrochemical cells. The bottleneck with respect to the thermal response of the system is
conduction of heat within the cell, a change in flows can have an effect on the thermal response of
a stack, but a steady-state temperature generally takes hours to reach once a new operating point
is set. [112], [113]. The current work is focused more on the system level, so the model will focus
on that and is largely based on previous work by the NFCRC [114]–[120]. However, information
from the more detailed models will be incorporated in order to give a more accurate representation
of system performance.
Since SOECs are currently under development, computer models are important in predicting
various parameters. Different models have tended to focus on different aspects of SOEC operation.
Some, for example, focus on the electrochemistry at steady-state behavior in order to predict
specific electrochemical performance parameters. Other models focus on the V-j performance of
SOECs using Nernst, Butler-Volmer equations and so on [8], [9], [71], [121]–[133]. Aside from
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the current work, no physical model has been built that simulates the dynamic operation of a fully
integrated SOEC system.
An important operating parameter for high temperature electrolysis cells is the thermoneutral
voltage. Electrolysis of water is an endothermic reaction which requires energy input to proceed.
This energy generally comes from electrical power input, but it can be supplanted by heat as well.
High temperature electrolysis requires less electrical power input than low temperature electrolysis
since more energy is available to the water molecules in the form of heat. As current is applied to
the cell, joule heating occurs which is a result of ohmic resistance within the cell. The voltage at
which the joule heating is supplying enough heat to the reaction to maintain a constant temperature
is the thermoneutral voltage. Operation below the thermoneutral voltage requires additional heat
input to maintain temperature whereas operation above the thermoneutral voltage requires cooling
to maintain constant temperature. The actual value of the thermoneutral voltage for a system
depends upon pressure, temperature, and heat loss to the environment [134]–[136].
Pure oxygen can also be utilized in various power generation schemes including oxygen-rich
combustion as well as fuel cell power generation. A higher percentage of oxygen in a fuel cell
improves efficiency by increasing the concentration of oxidant available to the electrolyte. The
cell voltage of a fuel cell is logarithmically dependent on oxidant and fuel concentration in the
cathode and anode respectively. Higher concentrations result in a higher cell voltage which
improves overall system efficiency; therefore, a fuel cell system would benefit from increased
oxygen concentration as well as pure oxygen operation [115], [137].

14

Electrolysis
Consider electrolysis as it takes place in a solid oxide electrolyzer expressed in Equations 1 –
3:

Cathode: 𝐻2 𝑂 + 2𝑒 − → 𝐻2 + 𝑂=

[1]

1

[2]

1

[3]

Anode: 𝑂= → 2𝑒 − + 2 𝑂2

Global: 𝐻2 𝑂 → 𝐻2 + 2 𝑂2

The amount of energy needed for this reaction can be estimated based upon the enthalpy,
entropy, and Gibbs energy of the reaction for a given temperatures according to Equations 4 – 6
assuming constant pressure.

𝑇

Δℎ̅ = ℎ̅𝑓𝑜 + ∫ 𝑐𝑝 (𝑇)𝑑𝑇

[4]

298

𝑇

𝑐𝑝 (𝑇)
𝑑𝑇
298 𝑇

Δ𝑠̅ = 𝑠̅𝑓𝑜 + ∫

Δ𝑔̅ = Δℎ̅ − 𝑇Δ𝑠̅

[5]

[6]

Engineering Equations Solver (EES) was used to calculate the enthalpy, entropy, and Gibbs
energy of water electrolysis at temperatures between 374 K and 1200 K which are plotted in Figure
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5. The property data utilized by EES comes from correlations published by Haar, Gallagher, and
Kell [138]. Figure 5 illustrates that as temperature increases, the Gibbs energy decreases at a
greater slope than the enthalpy needed for the reaction. As a result, less energy in the form of
electricity is needed to drive electrolysis forward since energy is available to the reaction in the
form of heat. Consequently, greater hydrogen generation efficiency is thermodynamically possible
at higher temperatures. The corresponding thermoneutral voltage can be calculated according to
Equation 7. Operation above the thermoneutral voltage results in additional heat generation due to
joule heating of the cell that must be removed from a system whereas operation below
thermoneutral voltage results in decreasing temperature of the cell unless an external heat source
is supplied to maintain the cell temperature. Operation at the thermoneutral voltage requires neither
external heat nor active cooling to maintain the temperature [136], [139], [140]. Since the
thermoneutral voltage is dependent upon temperature, it can vary in space depending upon the
temperature gradient of the cell.

𝑉𝑡ℎ =

Δℎ̅(𝐻2 𝑂|𝑝, 𝑇) − Δℎ̅(𝐻2 |𝑝, 𝑇) − 0.5Δℎ̅(𝑂2 |𝑝, 𝑇)
𝑛𝐹
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[7]

Figure 5. Thermodynamic properties of electrolysis at high temperatures
Fuel Cell
The fundamental electrochemical equations for fuel cells are similar to electrolyzer cells, the
main difference being that the direction of the reaction, electrons, and ions are reversed.
Anode: 𝐻2 + 𝑂= → 𝐻2 𝑂 + 2𝑒 −
1

Cathode: 2 𝑂2 + 2𝑒 − → 𝑂=
1

Global:𝐻2 + 𝑂2 → 𝐻2 𝑂
2

[8]

[9]

[10]

Equation 10 is always exothermic, so there is no relation or consideration of a thermoneutral
voltage. However, the maximum work potential of a cell can be calculated from the Gibbs free
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energy of the reactants. Under standard-state conditions, the Gibbs free energy change of a
hydrogen-oxygen reacting system is -237 kJ/mol. This translates to a voltage of 1.23 V according
to Equation 11. Elevated temperatures as well as a phase change will affect this reversible voltage
as illustrated in Figure 5 and effectively reduce the cell potential with increased temperature.

𝐸0 =

Δ𝑔̅𝑟0𝑥𝑛
𝑛𝐹

[11]

The actual operating voltage of the cell depends upon current drawn from the cell as well as
reactant and product concentrations within the cell. These losses, or overpotentials, are discussed
in more detail in 0. The 𝐸 0 voltage combined with the Nernst voltage result in the electrochemical
cell’s open circuit voltage (OCV) or when no current is generated or supplied. Electrochemical
overpotentials are characterized as activation, ohmic, and concentration overpotentials which have
terms that can be experimentally verified through V-j curve analysis and electrochemical
impedance spectroscopy. For the experimental verification, only V-j curve analysis was used in
this work.

2.2 Nuclear and Renewable Integration
The recent trends of incorporating more renewable power generation by wind and solar is
largely due to increased awareness to environmental and public health impacts, as well as favorable
costs associated with adoption. The cost of solar and wind is quickly decreasing and becoming
more attractive as a means of power generation for both utilities and distributed generation
applications. However, since renewables generally cannot be dispatched easily due to their
intermittent nature, there is still need for some form of energy storage or traditional, dispatchable
power plants. Nuclear power plants are generally difficult to dispatch, but they can provide reliable
power with little to no emissions. Slow nuclear kinetics associated with a nuclear reactor are one
18

of the limiting factors to dispatching nuclear power; they are slow to respond, so any dynamic
dispatch of a nuclear power plant would have to take place with respect to the heat engine
associated with the power generation. This results in a case where fuel is still being consumed, but
no valuable product is generated. An option to address this is to incorporate hydrogen energy
storage which can be stored indefinitely at large scales. For example, as power needs to be turned
down in the middle of the day during high solar power output, a hydrogen generator integrated
with the nuclear plant can be ramped up. The hydrogen could then be used for a variety of uses
including power generation through fuel cells, transportation, or industrial uses. Thermochemical
hydrogen generation has been studied in conjunction with the advanced high-temperature reactor
which uses molten salt as the reactor coolant [141], [142]. The current work considers high
temperature electrolysis wherein the reactor is providing heat for part-load operation of the power
generator and the remaining reactor heat is used to provide heat for endothermic electrolysis of
steam.
Nuclear power plants have traditionally been built to meet only baseload demands of utilityscale electric grids due to difficulties and safety concerns arising from dynamic operation. Existing
nuclear power plants utilize steam as a thermal heat transfer fluid as well as a working fluid in a
Rankine cycle that acts as the primary power generator. Whereas a traditional coal or natural gas
power plant may be dynamically dispatched by varying the fuel flow to the combustor; nuclear
fuel remains stationary and its radiative flux is adjusted by control rods that are inserted into the
reactor to reduce the radiation to the thermal heat transfer fluid. Control rods are generally not
designed into a reactor in order to make it dispatchable, but rather to be used for fine tuning the
reactor temperature and aid in reactor shut down as needed.
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Gas-cooled reactors with passive-decay-heat removal systems are typically limited to roughly
600 MWth output due to limitations with heat removal from the reactor core to the walls or heat
exchangers within the vessel. Forsberg et al. proposed an advanced high-temperature reactor
(AHTR) which has the same general design as a traditional gas-cooled reactor, except molten salt
is used for the reactor coolant which has much more favorable thermal properties that allow for a
greater reactor size on the order of 2400 MWth [141]. In their design, molten salt within the reactor
is heated and kept in a closed loop which exchanges heat with another molten salt loop. The
secondary salt loop heats helium or nitrogen which is used as the working fluid in a Brayton cycle
for electricity generation. Since there are no significant changes to the nuclear reactions or the way
the reactor itself is operated, the same challenges exist with regards to dynamically dispatching
electricity. 𝐿𝑖2 𝐵𝑒𝐹4 or Flibe was chosen as the molten salt coolant for this study due to its favorable
heat transfer properties and is often considered for AHTR designs.
High temperature electrolysis can enable moderate dynamic electrical dispatch of a nuclear
power plant by utilizing the constant nuclear heat output as a means of vaporizing steam for use in
an SOEC. Under such a scenario, the power plant would still generate enough power for the
electrical input of the SOEC while also providing heat to maintain the stack operating temperature
under endothermic conditions (or below the thermoneutral voltage).
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Figure 6. AHTR with H2 and power generation schematic [141]
Figure 6 presents a conceptual system schematic that incorporates H2 generation alongside
power generation as envisioned by Forsberg et al. Their system considers hydrogen production
using a thermochemical process instead of an electrochemical process whereas the proposed
system concept for the current study considers electrochemical production of hydrogen via high
temperature electrolysis which requires more electric power than the thermochemical process
[132], [141], [143]–[147].
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2.3 Concentrated Solar and RSOFC Integration
In order to sustain the operating temperature of an SOEC system operating below the
thermoneutral voltage, high quality heat must be transferred to the stack, otherwise the temperature
will decrease over time. Concentrated solar power (CSP) has been utilized in many power
generation applications wherein solar irradiation is concentrated onto a thermal heat transfer fluid
to raise the temperature of the fluid which is then used to generate steam for use in a Rankine cycle
engine. Typical designs of concentrated solar plants come in the form of parabolic troughs, solar
towers, and dish concentrators. Dish concentrators usually employ a Stirling engine at the focal
point of the dish instead of a thermal fluid cycle which is used by the trough and tower designs.
Parabolic trough and Fresnel reflectors temperatures are typically limited to temperatures near 400
°C. Solar towers can reach high temperatures of up to 1000 °C, but are generally designed to be
very large and take up a lot of land area for the heliostats. Solar dishes can reach very high
temperatures of up to 1500 °C and can be scaled according to the amount of heat needed [148]–
[150]. Colocation of a concentrated solar power system with an RSOFC system may be a
promising synergetic energy storage system that enables the otherwise curtailed solar power to be
converted to hydrogen and stored for later use [151]. Such a system operated in electrolysis mode
will target sub-thermoneutral voltage operation for maximum hydrogen generation efficiency.
However, the system will need to be capable of withstanding not only diurnal dynamic operation,
but also partially cloudy and cloudy days.
Various heat transfer fluids are used for concentrated solar plants such as water, oils, and
molten salts. The fluid used is often the result of the particular application and its operation
temperature. For example, parabolic concentrators operate at temperatures that are suitable for oil
and water whereas molten salt is more suitable for power towers and dish concentrators.
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Commercially available materials designed for handling molten salt are capable of withstanding
temperatures up to 1023 K. Pumping of these fluids would be considered minimal compared to the
overall plant power output as well as the primary balance of plant parasitic loads associated with
an RSOFC system such as the air blower. Several concentrated solar thermal plants have been built
and are currently in operation, some are collocated with photovoltaic installations as well which
would be ideal for integration with an RSOFC system. According to the Global Energy
Observatory, as of August 2017 there are 52 operating solar thermal plants across the world with
a total of 4,000 MW generating capacity. Most of these plants use the parabolic trough design
whereas a handful use the power tower or Fresnel reflectors. Each of these types of plants could
potentially support a sub-thermoneutral voltage RSOFC, however, only the power tower or solar
dish concentrator can supply heat at the temperatures needed for the RSOFC, but the parabolic and
Fresnel reflectors would require supplemental heating to raise the steam temperatures. No grid
scale solar dish collector installations currently exist, however, they are potentially more suitable
for distributed applications due to their generally smaller size.

2.4 Molten Carbonate Reformer-Electrolyzer-Purifier
Hydrogen has been shown to be a promising fuel for sustainable energy storage and conversion
that may help to alleviate air pollutant and greenhouse gas emissions. Compared with batteries,
hydrogen offers higher gravimetric energy density which enables rapid fueling of fuel cell electric
vehicles, longer range and/or larger payload compared to battery electric vehicles. The high energy
density of hydrogen could also enable grid-scale energy storage systems comparable to
compressed air or pumped-hydro systems. This greater energy storage may enable reduced
renewable power curtailment as well as successful daily and seasonal load shifting as shown by
Maton et al. [151]. The recent commercialization of hydrogen fuel cell vehicles in tandem with the
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development of hydrogen fueling stations in California is leading to increased demand in high
purity hydrogen. Greater use of hydrogen as a transportation fuel in fuel cell vehicles enables rapid
refueling, long range, and zero tailpipe emissions [152]–[154]. Currently there are a total 31 public
hydrogen fueling stations in the U.S. which have largely been constructed in support of
demonstration and research and more than 1,000 commercial fuel cell vehicles were sold in
California in 2016. In order to keep pace with increased hydrogen demand for vehicles and
stationary applications, greater hydrogen infrastructure and production will be needed.
Various pathways for hydrogen production exist and each pathway has its varying levels of
efficiency and emissions [153]. Some of the pathways include hydrocarbon reforming, photocatalytic hydrogen production, gasification, and water electrolysis in reversible fuel cells or
electrolyzers. The most mature, efficient, and cost-effective technology to-date for hydrogen
production is hydrocarbon reforming. Three primary reforming technologies that produce
hydrogen from natural gas are steam methane reformation (SMR), partial oxidation (POX), and
autothermal reformation (ATR). The most common industrial process for hydrogen production is
SMR [155]. Modern SMR has several limitations, such as limited hydrogen production due to the
reforming reactions reversibility, internal diffusion, carbon formation, catalyst deactivation, a
large demand for external heat, and environmental impacts from CO2 and NOx emissions
associated with supplying heat to the reactor [155]–[160]. However, due to the advantages of
economies of scale and inexpensive natural gas for SMR, it remains a widely utilized method for
producing hydrogen. Alternatively, water electrolysis powered by renewable sources has the
potential of eliminating most emissions and their associated negative environmental impacts, while
not relying upon fossil fuel input [161]–[164]. However, current costs of hydrogen production via
water electrolysis from renewable sources or grid sources is quite high and exceeds the 2015 and
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2020 DOE targets for both central and distributed hydrogen production [165]. The cost of
electricity has a strong effect on the cost of renewably-generated hydrogen from electrolysis [11],
[164].
Molten carbonate fuel cell (MCFC) technology has been commercialized for stationary power
generation at the megawatt scale. An MCFC is a high temperature fuel cell with non-noble
catalysts that uses a carbonate electrolyte, which is generally a mixture of lithium and potassium
carbonate salts. The MCFC conducts carbonate ions (CO3=) across the electrolyte resulting in a net
flow of CO2 from the cathode to the anode. The operating temperatures inside the MCFC stack are
around 600 °C and enable direct SMR within the cells which adds the benefit of intimate thermal
integration of exothermic and endothermic processes, thus reducing the size of an external
reformer and providing additional cooling effects without greater power input to an air blower.
This results in an overall higher system fuel-to-electricity conversion efficiency. A reversible
molten carbonate fuel cell (RMCFC) is capable of operating in both fuel cell mode for power
generation and electrolyzer mode for the production of hydrogen from a steam and carbon dioxide
mixture. In electrolysis mode, the products hydrogen can be stored and utilized for industrial or
transportation purposes or they can be converted to electricity via fuel cell operation of the same
stack. The electrolyzer may act as an asset to store otherwise curtailed renewable power while the
fuel cell may act to supply power during intermittent periods of renewable power production or to
meet a high power demand. The high temperature at which RMCFC operates results in higher
hydrogen generation efficiencies due to the lower activation polarization that is a result of the
higher temperature operation required of molten carbonate electrolytes. Furthermore, the removal
of CO2 along the length of the cell favors the electrolysis reaction kinetics since it essentially acts
as a diluent with respect to electrolysis of water into hydrogen and oxygen. An important parameter
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to the operation of an RMCFC is the impact of dynamic operation on the spatial temperature
distribution. Since high temperature gradients can introduce large stresses, the temperature of the
cell must be modeled carefully throughout any dynamic changes.
In 2014, FuelCell Energy Inc. (FCE) collaborated with the NFCRC UCI and initiated a
research project supported by the U.S. Department of Energy (DOE/EERE) to demonstrate a novel
hybrid Reformer-Electrolyzer-Purifier (REP) which is based upon FuelCell Energy’s MCFC
technology. The main objective of this project was to evaluate and demonstrate the technical and
economic viability of a molten carbonate electrolysis cell (MCEC) using FCE’s Direct Fuel Cell
(DFC®) technology to produce and purify hydrogen from natural gas or biogas (Figure 7). Potential
benefits of REP technology include low cost hydrogen production, reduced CO2 emissions
compared to SMR, and large scale central production hydrogen [166].
Low Cost Power
(Otherwise curtailed
renewable power)
Fuel
(Natural gas, Biogas,
Syngas)

Hydrogen
REP
(Reformer-ElectrolyzerPurifier)

(from BOTH electricity and
natural gas with electrolyzer
heat input)

Steam
Waste Heat

Figure 7. Schematic of REP technology [11].
Figure 8. illustrates the operation of a DFC as well as its reverse operation as an REP. The REP
system incorporates components developed for FuelCell Energy’s commercial MCFC technology.
The REP technology is essentially an MCFC operated as an MCEC with steam and natural gas
reformate as the inlet species to the cell. Given the temperatures and the catalysts, SMR
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simultaneously occurs within the cell while the product CO2 is removed via the cell’s electrolyte
(as CO3=) into the oxygen electrode of the REP. Essentially, CO2 is pumped out of the fuel
electrode while hydrogen is formed by both electrolysis and SMR simultaneously. The result is a
relatively pure stream of hydrogen and steam exiting the fuel electrode compared to a typical SMR
reactor in which steam, hydrogen, and a high percentage of CO2 exist. The ability to
electrochemically separate CO2 from reformate is unique to MCEC technology. Since some of the
product hydrogen is a result of electrolysis, approximately 80% of the product hydrogen comes
from the SMR reaction while 20% comes from electrolysis. Since both SMR and electrolysis are
endothermic, additional heat needs to be supplied to the stack in order to maintain the operating
temperature near 600 °C. At the thermoneutral voltage, the stack is capable of generating enough
heat, through joule heating, to sustain the temperature of the stack. The minimum thermoneutral
voltage can be determined thermodynamically as a function of species enthalpies. A system’s
actual thermoneutral voltage depends not only upon the species’ enthalpies, but also heat loss to
the environment species temperature [126], [139].
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(A) DFC® MCFC
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H2 + CO2
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ELECTROLYTE
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O2 CATHODE

Dilution Air
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Figure 8. (A) Schematic of a standard DFC® fuel cell technology, and (B) schematic of REP
cell technology using a molten carbonate electrolysis cell (MCEC) [11].
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Single cell and multi-cell stack testing was conducted by FCE in an experimental setup that
tested various operating parameters including dynamic response and varied levels of input
methane. A 30 cell stack was built which produced 97-98% dry-basis hydrogen at 100 kg/day. A
stack life between 2 and 5 years was expected based upon 4,000 hours of testing. Results from gas
chromatography suggested that CO was effectively removed (to less than 1 ppm) from the
reformate channel which would allow for hydrogen use in a proton exchange membrane fuel cell
(PEM) without further purification. Previous published work on REP focused on the economic
considerations of REP technology compared against SMR and PEM electrolysis [11]. The current
work is focused upon modeling the physical operation of REP in order to be able to predict
important operating parameters at different scales and dynamic loads.
In order to evaluate the thermodynamic and electrochemical performance of the REP, a
dynamic spatially and temporally resolved physical model was developed in MATLAB Simulink.
The model is based upon previous MCFC modeling efforts of the NFCRC [116]. Dynamic
simulations were verified against data from an experimental REP setup and tests conducted by
FCE. Cell temperature profile, current density, and species concentration have all been resolved
by the model along with efficiency, utilization, exit species concentrations, and other important
parameters.

2.5 Grid-Scale Hydrogen Energy Storage
The natural gas infrastructure is supplied by several depleted wells within California. Gas
utilities maintain the wells and operate them to maintain the natural gas demand of the state. Table
1 lists the various depleted natural gas wells within California and their volumetric capacities.
They each operate at different maximum and minimum pressures, but the actual values are
relatively close. The total working capacity of natural gas storage in depleted wells is nearly 10
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billion cubic meters and the largest well is the Aliso Canyon well operated by Southern California
Gas Company. This storage, combined with RSOFC systems could be used to store otherwise
curtailed power and dispatch power as needed. With appropriate retrofits to the well, they can be
used to store hydrogen directly. Alternatively, co-electrolysis of carbon dioxide and steam in an
RSOFC can provide syngas for methanation which will provide methane to store within the wells
without the need for retrofitting.
Table 1.

California natural gas storage wells and their capacities.
Working Capacity (m3)

Storage Facility
Pacific Gas and Electric Company (PG&E)
McDonald Island

2,321,994,000

Pleasant Creek

63,713,250

Los Medanos

508,176,882

Southern California Gas Company (SoCalGas)
Aliso Canyon

2,435,262,000

Honor Rancho

685,271,400

La Goleta

608,815,500

Playa del Rey

67,960,800

Independent Storage Providers
Wild Goose

1,415,850,000

Kirby Hills

424,755,000

Lodi

481,389,000

Gill Ranch

566,340,000

Central Valley

311,487,000

Total

9,891,014,832

A future 100% renewable grid may also need to supply the demand for a large portion of
alternative vehicles such as battery-electric vehicles or hydrogen-fueled fuel cell vehicles. The

30

same storage infrastructure can be used to provide the storage needed for both the California
electric demand as well as the transportation demand.
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Chapter 3: Approach
3.1 Tasks
Task 1.

Develop an understanding of current available RSOFC technology, key
system integration challenges, and future trends with respect to performance
and costs.

A comprehensive literature review was conducted at the onset of the dissertation work as well
as throughout the duration in order to keep abreast of the work currently ongoing in the field of
RSOFC systems. In recent years, interest has been steadily increasing and the literature has been
reflecting that as well as topics discussed in conferences.
Task 2.

Perform various V-j characteristic tests on the RSOFC stack for model
verification.

A set of characteristic V-j curves from an RSOFC short stack were obtained at various
operating conditions for the stack model verification. Inputs to the model matched the operating
characteristics of the short stack operation and the model was tuned to match the resultant V-j
response for a given set of inputs.
Task 3.

Physically model an RSOFC system that can operate under various operating
conditions and fuels.

Two separate solid oxide fuel cell and solid oxide electrolyzer models were developed that
matched the performance of the short stack RSOFC and an appropriate balance of plant was
modeled to support the stack in exothermic and endothermic modes. Both systems required heat
exchangers, blowers, and valves and some systems utilized a combustor or resistive heater for
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thermal management. The model was spatially and temporally resolved, so it could accurately
predict the dynamic performance of a system under varying loads and conditions.
Task 4.

Investigate standalone RSOFC system configurations with a combustor and
resistive heater.

An SOEC operating below the thermoneutral voltage requires additional heat input to maintain
the operating temperature of the system. This heat can come from several sources including
combustion, resistive heating, renewable sources, or nuclear. The renewable source was
considered to be a dynamic input whereas the nuclear source could provide constant or dynamic
heat input.
Task 5.

Investigate renewable integration with the RSOFC system with respect to
renewable dynamics and renewable heat addition.

An SOEC system operated primarily from renewable resources was evaluated with respect to
the dynamic power input as well as dynamic heat input assuming a concentrated solar thermal heat
input that is directed to the system by means of a thermal heat transfer fluid such as a molten salt.
The molten salt was used in a heat exchanger to generate and pre-heat the inlet steam to the stack.
Task 6.

Investigate nuclear integration with an RSOFC system with respect to
nuclear heat availability and dynamics.

An SOEC system operated primarily from nuclear power and nuclear heat was evaluated with
respect to the AHTR concept which allows for up to 2400 MWth of heat generation. SOEC system
dynamics were modeled in order to complement a greater penetration of renewable power which
might require a baseload nuclear power plant to turn down its electricity generation.
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Task 7.

Physically model an MCEC in support of the reformer-electrolyzer-purifier
concept.

A physical molten carbonate electrolyzer stack model was developed which uses methane
reformate and electric power as the inputs and verified against experimental data from FuelCell
Energy’s reformer-electrolyzer-purifier concept. Carbon dioxide is pumped from the cathode to
the anode leaving a high-purity flow of hydrogen from the cathode.

Task 8.

Investigate grid-level integration of RSOFC systems with existing natural gas
storage facilities.

A network of RSOFC systems deployed for integration with the California grid for the
purposes of capturing and storing otherwise curtailed renewable energy using existing natural gas
storage facilities was modeled. A 100% renewable grid powered by wind and solar was assumed
to meet the electrical demand of the state for an entire year. Cases where a large portion of electric
vehicles and fuel cell vehicles were adopted were also considered.
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Chapter 4: Electrochemical and System Model
4.1 RSOFC System Configuration
The basic RSOFC system can be designed to be thermally self-sufficient with a single balance
of plant that supports both the fuel cell and electrolysis modes. Regardless of configuration, some
sort of external heat input is needed in order to maintain temperatures as well as perform start-up
and shut-down procedures. Both air and fuel need to be preheated prior to entering the stack in
order to prevent thermal shock to the inlet of the cell. Generally, this is done by recuperating heat
from the exhaust gases from the stack. Even under endothermic EC conditions, heat can be
recuperated for preheating, but generally some sort of external heating is needed in order to
maintain a constant inlet temperature. For the following system configurations, the inlet air and
inlet fuel temperatures are held to 930 K by controlling different parameters depending on the
particular configuration. In each case, there is a recirculation and bypass valve which directs either
a hot or a cold fluid to a mixing volume. The mixing volume mixes: hot recirculated gas, cold
bypass gas, and preheated air, fuel, or steam. A proportional-integral (PI) controller is dedicated
to maintaining the inlet temperature of both the air and the fuel by adjusting the amount of
recirculation in addition to external heat passed via gas through a heat exchanger (to heat up the
inlet temperature) or bypass (to cool down the inlet temperature).
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H2O/H2
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Fresh Air
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Makeup water
or H2 fuel

Figure 9. Basic RSOFC configuration with a single balance of plant to support both fuel
cell and electrolysis modes
Figure 9 presents the basic RSOFC configuration which shows two separate heat exchangers,
one for preheating the fuel side and one for preheating the oxidant side. The valves at the fuel and
oxidant exits are used as part of the control scheme to either control the inlet temperatures,
utilization, or hydrogen concentration depending on the particular system configuration. The
external heat source will be studied in the chapters below and will include an external combustor,
resistive heaters, or molten salt from concentrated solar thermal collectors or a nuclear reactor.

4.2 SOEC Stack Model
A MATLAB Simulink model was developed for the physical model of an SOEC system which
includes the following components: heat exchanger, blower, and a spatially resolved
electrochemical stack. The stack is modeled by calculating the spatial distribution of various
properties across a single cell. It is assumed that the flow and current across each individual cell
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that make up the stack is the same, so the resultant flow, heat, and power demands of each cell are
characteristic of the entire stack with respect to the number of cells actually used. For example,
the hydrogen generated by a single cell is multiplied by the number of cells in the stack in order to
determine the total stack hydrogen generation. Spatial resolution is obtained by indexing vectors
to keep track of various properties at each individual node. The properties calculated at each node
are: temperature, species concentrations, polarization, current density, voltage (constant across the
cell according to the equipotential surface condition), flow rate, heat generation, and thermoneutral
voltage. The individual layers that make up the membrane-electrode assembly (electrodes and
electrolyte) are considered with their specific properties, but they represent a bulk control volume
with respect to heat generation and temperature. As a result, the model is considered as a quasi-3D representation of an electrochemical cell.
The current SOEC requires operation temperatures between 870 – 1080 K. Steam is injected
into the fuel electrode and a low-flow sweep gas of oxygen or air is passed across the anode.
Oxygen is split from water at the triple-phase boundary of the cathode and the resulting O= ion
traverses the electrolyte from the cathode to the anode where it gives up its two electrons. Those
electrons are driven from the anode to the cathode under an applied voltage.
Equations 12 and 13 present the operating Nernst potential and associated overpotentials which
are used to calculate the cell voltage.

𝛎

𝐕𝐍𝐞𝐫𝐧𝐬𝐭 = 𝐄 𝟎 −

𝐢
𝐑𝐓 ∏ 𝐚𝐩𝐫𝐨𝐝𝐮𝐜𝐭𝐬
𝐥𝐧
𝐢
𝐧𝐅 ∏ 𝐚𝛎𝐫𝐞𝐚𝐜𝐭𝐚𝐧𝐭𝐬

𝐕𝐄𝐂 = 𝐕𝐍𝐞𝐫𝐧𝐬𝐭 + 𝛈𝐚𝐜𝐭 + 𝛈𝐨𝐡𝐦 + 𝛈𝐜𝐨𝐧𝐜
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[12]

[13]

The operating voltage of the cell largely depends upon current, temperature, and species
concentrations for a cell held at atmospheric pressure. The species concentrations and temperature
affect the voltage through the Nernst potential while the current and temperature affect the voltage
through overpotentials. Typical electrochemical overpotential equations were used to calculate
activation, ohmic, and concentration overpotentials as presented in Equations 14 – 17. The Tafel
equation, which is a valid simplification of the Butler-Volmer equation was used for the activation
overpotential while an effective area-specific resistance (ASR) was used for the ohmic
overpotential. Concentration polarization depends upon an expression similar to the Tafel
equation, but which accounts for reaction kinetics in the form of 𝛼 and the limiting current 𝑗𝐿 .
Species concentration, pressure, temperature, and energy were also calculated for each node for
various conditions using mass and energy conservation. These equations were solved spatially for
each time step according to Equations 18 – 20.

𝒏𝒂𝒄𝒕 = −

𝑹𝑻
𝑹𝑻
𝒍𝒏 𝒋𝒐 +
𝒍𝒏 𝒋
𝜶𝒏𝑭
𝜶𝒏𝑭

𝒏𝒐𝒉𝒎 = 𝒋 × 𝑨𝑺𝑹𝒆𝒇𝒇

𝑨𝑺𝑹𝒆𝒇𝒇 =

[14]
[15]

𝒕𝑴 𝑻
𝜟𝑮

[16]

𝑨𝒆−𝑹𝑻

𝟏 𝑹𝑻
𝒋𝑳
𝜼𝒄𝒐𝒏𝒄 = (𝟏 + ) ( ) 𝒍𝒏
𝜶 𝒏𝑭
𝒋𝑳 + 𝒋

[17]

𝒅𝑿𝒊
(𝒏̇ 𝑿)𝒊𝒏 − (𝒏̇ 𝑿)𝒐𝒖𝒕
= 𝑹𝑬𝑳𝑬𝑪 +
𝒅𝒕
𝑷𝑽/𝑹𝑼 𝑻

[18]

𝒅𝑷 (𝒏̇ 𝒊𝒏 − 𝒏̇ 𝒐𝒖𝒕 ) × 𝑹𝒖 × 𝑻
=
𝒅𝒕
∀

[19]

𝒅𝑻 ∑ 𝑸 + 𝒒̇
=
𝒅𝒕
𝑪𝒑 𝒎

[20]
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The V-j curve was obtained from the RSOFC short stack by operating the test bench according
to the following procedure:
•

Set the following flow rates to the given set point:
o Water: 200 grams per hour
o Hydrogen: 0.35 liters per minute

•

Set the following temperatures
o Furnace temperature: 750 °C
o Reformer temperature: 680 °C
o Evaporator temperature: 280 °C

•

Set current to 0 Amps

•

Wait until all of the temperatures and cell voltages have settled to a steady-state

•

Incrementally increase the current by 1 Amp to 30 Amps at 10 minutes per increment to
allow for temperatures to settle

Data was collected at 10 second intervals for the duration of the testing and the data were
averaged for each point collected at the specified current interval. Table 2 presents the operating
parameters of the model which were used to match the V-j curve presented in Figure 10. The V-j
curve was obtained from the RSOFC short stack by operating the test bench according to the
following procedure:
•

Set the following flow rates to the given set point:
o Water: 200 grams per hour
o Hydrogen: 0.35 liters per minute

•

Set the following temperatures
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o Furnace temperature: 750 °C
o Reformer temperature: 680 °C
o Evaporator temperature: 280 °C
•

Set current to 0 Amps

•

Wait until all of the temperatures and cell voltages have settled to a steady-state

•

Incrementally increase the current by 1 Amp to 30 Amps at 10 minutes per increment to
allow for temperatures to settle

Data was collected at 10 second intervals for the duration of the testing and the data were
averaged for each point collected at the specified current interval.
Table 2.

Electrochemical parameters used to tune the electrolysis cell model to
experimental data
Property

Variable

Value

Units

Charge transfer coefficient

𝛼

0.7

None

Number of electrons

𝑛

2

𝑚𝑜𝑙𝑒 −
𝑚𝑜𝑙𝐻2

Exchange current density

𝑗𝑜

7000

𝐴/𝑚2

Membrane thickness

𝑡𝑀

8e-6

𝑚

Electrolyte constant

𝐴

1𝑒7

𝐾
Ω−m

Δ𝐺𝑎𝑐𝑡

1𝑒5

𝐽/𝑚𝑜𝑙

Limiting current density

𝑗𝐿

6000

𝐴/𝑚2

Average stack temperature

𝑇

1023

𝐾

Utilization

𝑈

0 – 0.3

None

ASReff

3.08

Ω𝑐𝑚2

Activation energy

Area specific resistance
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These electrochemical parameters were verified against test data from a solid oxide short stack
made up of six cells with an active area of 80 𝑐𝑚2 each. The cathode was made up of a 240 𝜇𝑚
nickel-yttria stabilized zirconia (YSZ) cermet, an 8 𝜇𝑚 YSZ electrolyte, and a 40 𝜇𝑚 lanthanum
strontium cobalt ferrite anode with a gadolinium doped ceria barrier layer. Figure 10 presents the
characteristic V-j curve of the short stack in electrolysis mode which shows close agreement
between the experimental V-j curve result and the model output. The steam utilization varied
between 0 and 0.3 since the steam flow was held constant with respect to varying current according
to recommended operation by the manufacturer.
1.4

Average Cell Voltage (V)

1.3
1.2
1.1
1
0.9
0.8
0

0.05

0.1

0.15
0.2
0.25
Current Density (A/cm2)

Short Stack

0.3

0.35

0.4

Model

Figure 10. Characteristic SOEC average V-j curve from a six-cell short stack test bench
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4.3 SOFC Stack Model
Each SOEC system configuration has a corresponding SOFC system with the same balance of
plant with slightly different control strategies since the SOFC is always producing heat and
generally produces larger temperature gradients across the cell. The calculation of Nernst potential
is the same as in Equation 12, but the cell operating voltage calculation is slightly different
compared to Equation 13. Where the overpotentials are added in EC mode, they are subtracted in
FC mode. Also, the actual values corresponding to some of the electrochemical parameters are
different corresponding with the experimental data. Equation 21 presents the cell voltage in FC
mode.

𝑉𝐹𝐶 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑐𝑜𝑛𝑐

[21]

The same overpotential equations are valid in fuel cell mode as in electrolysis mode, and they
are repeated below. Table 3 presents the values used to match the model to the experimental data
from the same SOLIDPower short stack used for the EC model verification.

𝜂𝑎𝑐𝑡 = −

𝑅𝑇
𝑅𝑇
𝑙𝑛 𝑗𝑜 +
𝑙𝑛 𝑗
𝛼𝑛𝐹
𝛼𝑛𝐹

𝜂𝑜ℎ𝑚 = 𝑗 ∙ 𝐴𝑆𝑅𝑒𝑓𝑓
𝐴𝑆𝑅𝑒𝑓𝑓 =

[23]
[24]

𝑡𝑀𝑇
𝐴𝑒 −

[22]

𝛥𝐺𝑎𝑐𝑡
𝑅𝑇

1 𝑅𝑇
𝑗𝐿
𝜂𝑐𝑜𝑛𝑐 = (1 + ) ( ) 𝑙𝑛
𝛼 𝑛𝐹
𝑗𝐿 − 𝑗

[25]

The following procedure was followed in order to obtain V-j curves for fuel cell operation
from the short stack:
•

Set the following flow rates to the given set point:
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o Water: 0 grams per hour
o Hydrogen: 0.2 liters per minute
o Nitrogen: 0.1 liters per minute
•

Set the following temperatures
o Furnace temperature: 750 °C
o Reformer temperature: 680 °C
o Evaporator temperature: 280 °C

•

Set current to 0 Amps

•

Wait until all of the temperatures and cell voltages have settled to a steady-state

•

Incrementally increase the current by 1 Amp starting from the minimum possible current
to 30 Amps at 10 minutes per increment to allow for temperatures to settle

Due to the minimum set point for the hydrogen mass flow controller and the fixed fuel
utilization, the minimum current applied to the stack was 7 Amps. The hydrogen flow rate was
adjusted in order to maintain a constant fuel utilization throughout the V-j curve, a parameter that
could not be controlled for the SOEC V-j curve. Data was collected at 10 second intervals for the
duration of the testing and the data were averaged for each point collected at the specified current
interval.
Table 3.

Electrochemical parameters used to tune the fuel cell model to experimental data
Property

Variable

Value

Units

Charge transfer coefficient

𝛼

0.7

None

Number of electrons

𝑛

2

𝑚𝑜𝑙𝑒 −
𝑚𝑜𝑙𝐻2

Exchange current density

𝑗𝑜

7000

𝐴/𝑚2
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Membrane thickness

𝑡𝑀

8e-6

𝑚

Electrolyte constant

𝐴

1.9𝑒7

𝐾
𝑜ℎ𝑚 − 𝑚

Δ𝐺𝑎𝑐𝑡

1𝑒5

𝐽/𝑚𝑜𝑙

Limiting current density

𝑗𝐿

6000

𝐴/𝑚2

Average Stack Temperature

𝑇

1023

𝐾

Fuel Utilization

𝑈

0.75

None

ASReff

1.62

Ω𝑐𝑚2

Activation energy

Area specific resistance

The two primary differences between the EC and FC model values are the utilization and the
electrolyte constant values. These affect the Nernst voltage and the ohmic polarization through the
ASR respectively. The stack was originally designed for fuel cell operation only and as a result,
exhibits a lower ASR in fuel cell operation. The minimum flow of the mass flow controller did not
allow for current densities below 0.08 A/cm2 to be tested for the test conditions at a fixed fuel
utilization. Also, the mass flow controller exhibited greater variance in the output which resulted
in voltages that do not follow a linear path for the ohmic resistance.
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Figure 11. Characteristic SOFC average V-j curve from a six-cell short stack test bench
Similarly to the SOEC model, species concentration, pressure, temperature, and energy were
calculated for each spatial node using Equations 26 – 28.

𝑑𝛸𝑖 𝑅𝐸𝐿𝐸𝐶 + (𝑛̇ 𝛸)𝑖𝑛 − (𝑛̇ 𝛸)𝑜𝑢𝑡
=
𝑑𝑡
𝑃𝑉 ⁄𝑅𝑈 𝑇

[26]

𝑑𝑃 (𝑛̇ 𝑖𝑛 − 𝑛̇ 𝑜𝑢𝑡 ) ∙ 𝑅𝑢 ∙ 𝑇
=
𝑑𝑡
∀

[27]

𝑑𝑇 ∑ 𝑄 + 𝑞̇
=
𝑑𝑡
𝐶𝑝 𝑚

[28]

4.4 Flow Configurations
4.4.1 SOEC Flow Configurations
The model is capable of modeling different flow directions of the species including co-flow,
counter-flow, and cross-flow. This is achieved through indexing individual nodes of a given
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channel such that they interact with the appropriate node on the opposing channel. For example,
in the co-flow configuration, the steam inlet nodes overlap the air inlet nodes, in counter-flow, the
steam inlet overlaps the air outlet.

Figure 12. Temperature distribution for different flow configurations of the steam and air
pathways: cross-flow, co-flow, and counter-flow in exothermic conditions at 1.57 V
Figure 12 presents the temperature gradient for different flow configurations of the same stack
at the same operating parameters. For each case, the change in temperature across the length of
stack is the same and the gradient is the same, but the direction of the gradient is different. The
mass flow of the air inside the stack is roughly 30 times as much air as the mass flow of the steam,
so its direction essentially dominates the temperature gradient. In other words, the air inlet will
generally match the inlet temperature of the air and the cell will heat up in the direction the air is
flowing. This is illustrated in Figure 12 where, for each case, the air inlet is always the lowest
temperature and the cell heats up towards the air outlet. This suggests that the heat is being
transferred along the length of the air channel. The low heat conductivity is evident from the high
temperature gradient and suggests that the thermal time constant of the stack will be dependent
upon conditions that directly impact thermal characteristics such as current and flows [112], [113].
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Figure 13. Current distribution for different flow configurations of the steam and air
pathways: cross-flow, co-flow, and counter-flow in exothermic conditions at 1.57 V
The heat generated in an SOEC is the result of joule heating from electric and ionic current
occurring at the site of the reaction. Figure 13 presents the current distribution of the cell for each
of the flow configurations and it shows that the current is identical for each flow configuration
with respect to the steam inlet. Consequently in exothermic mode, most of the heat is generated at
the steam inlet, but is transported along the cell depending on the air flow.

Figure 14. Temperature distribution for different flow configurations of the steam and air
pathways: cross-flow, co-flow, and counter-flow in endothermic conditions at 1.2 V
The same cell operated below the thermoneutral voltage exhibits different temperature profiles
due to the endothermic nature of the cell. In these cases, the highest temperature is associated with
the air inlet as opposed to the air outlet as presented in Figure 14. Since the current is greatest at
the steam inlet in this case as well, that means that active cooling is going on at the steam inlet
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(due to the sub-thermoneutral voltage operation). A notable difference occurs in the cross-flow
case besides the reversal of the temperature gradients. The cross-flow case exhibits a hot spot and
a cold spot in opposite corners. Since the air is flowing perpendicular to the current gradient, the
temperature of the cell cools down in the y-direction more quickly near the steam inlet than at the
outlet. Since there is less current near the steam outlet, the inlet of the air is the hottest spot, but is
cooled down as it travels the length of the cell.

Figure 15. Current distribution for different flow configurations of the steam and air
pathways: cross-flow, co-flow, and counter-flow in endothermic conditions at 1.2 V
Figure 15 presents the current distribution at sub-thermoneutral voltage of 1.2 V which
illustrates that the flow configuration has no effect on the current distribution and associated heat
loss (or generation in exothermic mode).
4.4.2 SOFC Flow Configurations
The same capability of altering the fuel flow configuration is present in the SOFC stack model
as well. The temperature distribution in fuel cell mode follows the same pattern as present in the
exothermic electrolysis mode for a given configuration as presented in Figure 16. In other words,
the hottest part of the cell corresponds to the air outlet in each case. This suggests that the heat
generated is passed down the length of the cell.
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Figure 16. Temperature distribution for different flow configurations of the fuel and air
pathways: cross-flow, co-flow, and counter-flow in fuel cell mode at 0.779 V
Figure 17 presents the current distribution of the various flow configurations in fuel cell mode.
It shows that the greatest current is at the fuel inlet which corresponds with the greatest
concentration of reactants except for the cross-flow case where a higher current density is located
at the top left corner. This corresponds with calculations made by Yuan et al. in which they studied
variable flow rates across the length of the fuel and air inlet. This is the result of the relationship
between Ohm’s law, the Nernst voltage which is dependent upon species concentrations, and cell
temperature. A higher Nernst voltage induces a larger current density when cell voltage and
internal resistances are constant. However, the internal resistances are not constant across the cell
due to the variations in temperature. As a result, the higher temperature at the top left corner
reduces the cell’s resistance at that point and induces a larger current density. The fuel cell
temperature distribution is very similar to the exothermic electrolyzer temperature distribution
which is to be expected since they both generate heat based upon the location of the current density
and the air affects both cases similarly.
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Figure 17. Current distribution for different flow configurations of the fuel and air pathways:
cross-flow, co-flow, and counter-flow in fuel cell mode at 0.779 V
The same stack was operated at a low power setting with a voltage of 0.946 V and the spatial
temperature distribution and current density are presented below. Figure 18 shows that same trend
in temperature distribution is present at a low power setting as in a high power setting. This is
expected because the cell still generates heat at the same locations regardless of the power output.

Figure 18. Temperature distribution for different flow configurations of the fuel and air
pathways: cross-flow, co-flow, and counter-flow in fuel cell mode at 0.946 V
Figure 19 presents the current density distribution across the cell and corresponds similarly to
Figure 17 which gives the high power output condition. Of course the magnitude of the current
density is significantly lower, but the trend is the same: that is that the greatest current density
occurs at the fuel inlet where the highest concentration of reactants exists. A notable difference is
that, for the cross-flow configuration, the high current density in the corner is not present, this is
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due to the small temperature variation in the cell which does not have as significant of an impact
on the resistance of the cell as the higher power operation.

Figure 19. Current distribution for different flow configurations of the fuel and air pathways:
cross-flow, co-flow, and counter-flow in fuel cell mode at 0.946 V

4.5 System Balance of Plant Components
At least two heat exchangers are incorporated in the system design which are used to preheat
fuel and air for the fuel and air electrodes. The primary calculations considered in the heat
exchanger are heat transfer and change in temperature of the wall separating the hot and cold fluids
as well as the fluids themselves according to equations 29 – 31 which represent typical convection
and conduction heat transfer relations for a flat plate.
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡
− 𝑇𝑠𝑜𝑙𝑖𝑑 )
2
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡
− 𝑇𝑠𝑜𝑙𝑖𝑑 )
𝑑𝑇𝑜𝑢𝑡 (ℎ ∙ 𝑛̇ )𝑖𝑛−𝑜𝑢𝑡 − ℎ𝑐 𝐴𝑠𝑢𝑟 (
2
=
𝑑𝑡
𝐶𝑣 ∙ ∀𝑛𝑜𝑑𝑒 ∙ 𝐶
Q̇ = ℎ𝑐 𝐴𝑠𝑢𝑟 (

𝑇𝑖𝑛,𝑐𝑜𝑙𝑑 + 𝑇𝑜𝑢𝑡,𝑐𝑜𝑙𝑑
− 𝑇𝑠𝑜𝑙𝑖𝑑 )
2
𝑇
+𝑇
ℎ𝑐 𝐴𝑠𝑢𝑟,ℎ𝑜𝑡 ( 𝑖𝑛,ℎ𝑜𝑡 2 𝑜𝑢𝑡,ℎ𝑜𝑡 − 𝑇𝑠𝑜𝑙𝑖𝑑 )
[𝑘
𝐴 (𝑇
+ 𝑇𝑛−1 − 2 ∙ 𝑇𝑠𝑜𝑙𝑖𝑑 )⁄𝐿𝑛𝑜𝑑𝑒 ]
= 𝑐𝑜𝑛𝑑 𝑠𝑢𝑟 𝑛+1
𝐶𝑣 ∙ ∀𝑠𝑜𝑙𝑖𝑑 ∙ 𝜌

[29]
[30]

ℎ𝑐 𝐴𝑠𝑢𝑟,𝑐𝑜𝑙𝑑 (

𝑑𝑇𝑠𝑜𝑙𝑖𝑑
𝑑𝑡

[31]

In order to maintain a positive flow of air, and account for the power and dynamics associated
with the blower, a simple physical model for a blower was used. One control setup is designed to
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maintain a particular temperature rise across the oxygen channel by varying the power input to the
blower. The power is then used to calculate the shaft RPM according to equation 32 below.
dω 𝑊𝑠
=
dt
𝜔𝐼𝑟

[32]

The resultant RPM is then used in a compressor map to find the pressure ratio, molar flowrate,
and isentropic efficiency. These are used to determine the temperature of the air leaving the blower,
its pressure, and the overall power needed to operate the blower. The blower generally accounts
for the largest parasitic load of the system.
The system is controlled using simple proportional-integral (PI) controllers where the integral
part of the controller is given an initial value which corresponds to a steady-state value that is
either an initial guess, or the result of a prior converged value. The proportional value amplifies
an error signal which is then added to the output signal of the controller. The value for the
proportional gain is the result of trial-and-error.
Currently, three primary PI controllers are used which control the fuel flow, the stack power,
and the blower power. The steam flow controller determines the flow rate set point either by a
determined inlet steam temperature or by steam utilization. The power controller works by
adjusting the current through the stack until the corresponding voltage and current satisfy the
power input according to 𝑃 = 𝐼𝑉. The blower power controller is used to keep the change in
temperature of the stack as measured from the outlet to the inlet under a certain threshold. For this
study, that change is 50 K. It works by measuring the temperature difference and adjusting the
power to the blower as necessary. Other controllers are needed for different design configurations
which will be discussed in further detail in the following chapters. They include controllers for
molten salt flow, resistive heating, combustor fuel, and valve positions.
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4.6 Discussion
The electrochemical models developed are able to be used in several different system
configurations as will be demonstrated in the coming chapters. This flexibility in the current model
is similar to the flexibility of an actual electrochemical stack in application. Many systems with
different configurations have been built around the SOFC stack in commercial and demonstration
applications. Generally, similar balance of plants are required in order to maintain temperatures,
however the following chapters will offer some other configurations for commercial SOEC and
RSOFC applications.
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Chapter 5: Standalone RSOFC System
A standalone RSOFC system is thermally self-sufficient and requires no external heat source,
but rather maintains temperatures via recirculating flows, resistive heating, or combusting fuel.
For the resistive heating case, heaters are placed just prior to the inlet of the stack on both the fuel
and oxidant sides in order to control each stream separately. The combustor-supported system
utilizes air coming from the oxidant channel and varies the amount of fuel supplied to preheat both
the oxidant as well as the fuel.

5.1 Resistive Heater RSOFC
Two resistive heaters are incorporated into both the fuel and oxidant inlet streams of the
RSOFC stack and each are controlled separately according to the inlet set point temperature of 930
K for each stream. Figure 20 presents the system schematic including heat exchangers, blowers,
stack, and heaters.
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Figure 20. RSOFC supported by resistive heating system configuration
The resistive heater is modeled by determining the amount of heat needed to raise the given
temperature of the air or fuel to the given set point which is predetermined. The power is adjusted
until the stream flow matches the set point. The relevant equations for the resistive heater are listed
in Equations 33 – 36 [167].
dQRH
= 𝑛̇ 𝑋𝑖 (Δℎ̅𝑠𝑒𝑡 − Δℎ̅𝑓𝑙𝑜𝑤 )
dt
𝑑𝑇𝑓𝑙𝑜𝑤 𝑃𝑉𝑐𝑣 dQRH
=
𝑑𝑡
𝑅𝑇 dt
𝑃 = 𝐼2𝑅
𝑃 2
̇
𝑄𝑅𝐻 = ( ) 𝑅
𝑉
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[33]
[34]
[35]
[36]

5.1.1 Steady-State SOEC Results
The model was run to a steady-state in electrolysis mode to a nominal power input to the stack
of 100 kW. The resulting values were recorded which maintain a steady-state operating point at
the nominal power in Table 4.
Table 4.

Nominal steady-state operating conditions for the resistive heater supported
RSOFC in electrolysis mode

Parameter

Value

Units

Rated Power Input

100

kW

Cell Voltage

1.566

V

Current Density

319

mA/cm2

Steam Utilization

0.5

Combined Heater Output

78

Inlet H2 Concentration

0.1

Stack Efficiency

0.79

System Efficiency

0.781

W

For this particular case, the cell is operated well above thermoneutral voltage, so it is generating
heat which needs to be removed from the system. As a result, the heaters output less than 1% of
the rated stack power. A temperature gradient similar to that of a fuel cell is generated across the
stack which is the result of the overall exothermic operation of the cell. Figure 21 presents the
cell’s temperature gradient as measured along the oxygen electrode (the profile is similar along
the electrolyte and the fuel electrode). The temperature is highest at the steam inlet due to the
highest current density and resulting joule heating occurring on that side as illustrated in Figure 21
and Figure 22. Hydrogen was generated at 0.67 g/s or 57.5 kg/day with a system efficiency of
78.1%.
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Stack efficiency is calculated based upon the ratio of the LHV of hydrogen generated over the
electrical power input to the stack according to equation 37.

𝜂𝐻2 =

𝐿𝐻𝑉𝐻2 (𝑛̇ 𝐻2,𝑂𝑢𝑡 − 𝑛̇ 𝐻2,𝐼𝑛 )
𝑃𝑜𝑤𝑒𝑟𝑠𝑡𝑎𝑐𝑘

[37]

System efficiency is calculated by accounting for the parasitic loads of the system including
the blower and the resistive heaters according to equation 38.

𝜂𝐻2 =

𝐿𝐻𝑉𝐻2 (𝑛̇ 𝐻2,𝑂𝑢𝑡 − 𝑛̇ 𝐻2,𝐼𝑛 )
𝑃𝑜𝑤𝑒𝑟𝑠𝑡𝑎𝑐𝑘 + 𝑃𝑜𝑤𝑒𝑟𝑏𝑙𝑜𝑤𝑒𝑟 + 𝑃𝑜𝑤𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟

[38]

Due to the exothermic conditions of the cell, a significant temperature gradient is produced
which is similar to what is expected in a fuel cell operating at full power. The controller for the air
blower was set up so that the maximum Δ𝑇 across the stack did not exceed 50 K. The SOLIDPower
stack had the gradient limit set to 100 K, so 50 K is assumed to be well within the margin of safety
for this stack.
a)

c)

b)

Figure 21. EC temperature gradient operated above the thermoneutral voltage, a) low heat
input, no control, b) represents full thermal control, c) high heat input, no control
Without additional heat input for the purpose of maintaining a fixed inlet temperature, the stack
will cool down over time to temperatures that will severely impact the stack performance. Figure
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21 presents the case where a) the stack inlet temperature is not controlled, b) where the stack inlet
temperature is held to a constant 930 K by means of resistive heaters and air recirculation, and c)
where more heat than needed was supplied to the inlet. The gradient maintains its typical shape
for a) and b), but the magnitude of the temperature is significantly lower. Also, the Δ𝑇 across the
stack is much higher because the blower was not utilized to maintain the temperature, but does not
go higher than 100 K across the stack. The cell voltage reached 2.2 V with a current density of
223.9 mA/cm2 which is very high for SOEC. This is a result of the low stack temperature which
translates to high voltage and poor hydrogen generation efficiency, though, for the current case,
no explicit danger is present to the stack. The case where more heat was supplied, as expected,
increases the operating temperature of the stack outside the recommended temperature specified
for the particular stack. This presents a danger to the seals within the stack and interconnects which
can result in increased degradation or failure of the stack. It is clear that the inlet temperature of
the stack must be maintained at a given set point in order to ensure safe and efficient operation of
the stack. Systems discussed in the scope of this work all utilize a combination of controllers in
order to achieve the design parameter of a fixed inlet temperature by means of bypass and
recirculation valves, as well as control on the heat input to the system.
Figure 22 presents other spatially resolved parameters of the cell. The current density (a) is
greatest at the steam inlet as well as the steam concentration (c). As a result, it is expected that
most of the hydrogen is generated at the inlet of the steam flow, but the hydrogen flows along the
length of the channel and therefore has the greatest concentration at the outlet (d). Since
thermoneutral voltage (b) is a function of temperature (Equation 7), it varies slightly across the
length of the cell even though the actual voltage is the same across the whole cell. The same stack
operated close to the thermoneutral voltage (1.28 V) exhibits a different temperature profile and a
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slightly different species profile as presented in Figure 23 and Figure 24. In this case, 29 kW was
supplied to the stack in order to obtain the 1.28 V needed for thermoneutral operation; all other
parameters were kept the same. At steady-state, hydrogen generation was 0.00021 kg/s or 18.1
kg/day. The resistive heater power decreased to 58 W due to the lower flow rate of steam and air
and the total system efficiency at this point was 86.7%. The resultant temperature gradient is nearly
flat, and actually increases somewhat in the middle. The cell is still slightly exothermic, so some
heat generated at the steam inlet is moving downstream where the air coming from the opposite
end has a cooling effect on the cell. This result suggests that operation near the thermoneutral
voltage in EC mode will reduce thermal stresses on the cell and reduce degradation rates compared
to exothermic SOEC operation.
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Figure 22. Spatially resolved results for: a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration at exothermic conditions for a selfsustaining RSOFC in EC mode
The current density (a) is greatest at the steam inlet as well as the steam concentration (c). As
a result, most of the hydrogen is generated at the inlet of the steam flow, and the hydrogen flows
along the length of the channel and therefore has the greatest concentration at the outlet (d). Since
thermoneutral voltage (b) is a function of temperature (Equation 7), it varies slightly across the
length of the cell even though the actual voltage is the same across the whole cell. The same stack
operated close to the thermoneutral voltage (1.28 V) exhibits a different temperature profile and a
slightly different species profile as presented in Figure 23 and Figure 24. In this case, 29 kW was
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supplied to the stack in order to obtain the 1.28 V needed for thermoneutral operation; all other
parameters were kept the same. At steady-state, hydrogen generation was 0.00021 kg/s or 18.1
kg/day. The resistive heater power decreased to 58 W due to the lower flow rate of steam and air
and the total system efficiency at this point was 86.7%. The resultant temperature gradient is nearly
flat, and actually increases somewhat in the middle. The cell is still slightly exothermic, so some
heat generated at the steam inlet is moving downstream where the air coming from the opposite
end has a cooling effect on the cell. This result suggests that operation near the thermoneutral
voltage in EC mode will reduce thermal stresses on the cell and reduce degradation rates compared
to exothermic SOEC operation.

Figure 23. EC temperature gradient operated at 1.28 V, near the thermoneutral voltage
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Figure 24 compared with Figure 22 suggests that the current density and the thermoneutral
relative voltage profiles don’t change significantly with respect to the proximity to thermoneutral
voltage. The species profile is affected somewhat due to the lower flow rate of steam given the
fixed steam utilization and the magnitude of the current density is affected as well, though the
profile remains the same.

Figure 24. Spatially resolved results for: a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration at near thermoneutral conditions for a selfsustaining RSOFC in EC mode
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The same stack can be operated well below thermoneutral voltage and remain thermally
sustainable due to the resistive heaters maintaining inlet temperatures. In order to achieve a low
enough voltage, a low current density must be used which results in a low power density and
ultimately, a low hydrogen output in EC mode. However, high hydrogen generation efficiency can
be achieved and in the case where external heat is available, stack efficiency at or greater than
100% efficiency is possible. Regardless a self-sustaining system must be able to maintain the stack
temperature as well as a safe gradient across the cells at steady-state as well as through dynamics.
The stack was operated at 1.2 V which resulted in power input of 16.2 kW with 0.00012 kg/s of
hydrogen or 10.4 kg/day and a heater output of 56.6 W which resulted in a stack efficiency of
89.2%. The system efficiency, however, is 88.4 owing to the heater and blower parasitic loads.
The resulting temperature profile of the cell illustrates the endothermic nature of the electrolysis
since the cell’s temperature drops below the specified inlet temperature of 930 K. The steam is
cooled immediately upon entering the stack due to the high current density at endothermic
conditions, but is heated up by the air flowing in the counter direction. The temperature gradient
is mild compared to the exothermic case and a typical fuel cell temperature profile in both
thermoneutral and endothermic modes.
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Figure 25. EC temperature gradient operated at 1.2 V, below the thermoneutral voltage
According to Figure 26, the current density profile is similar to the prior cases, but the
thermoneutral voltage follows the temperature profile as expected (again with little difference in
the actual value). The concentrations are similarly affected because of the reduced flow rate with
the fixed steam utilization compared to the higher voltage cases.
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Figure 26. Spatially resolved results for: a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration at endothermic conditions for a selfsustaining RSOFC in EC mode
5.1.2 Dynamic SOEC Results
The varying steady-state results at different operating parameters suggest that dynamic changes
occur within the cell in terms of current density, species concentration, and temperature
distribution when there is a power perturbation on the system. For example, when the power is
reduced by reducing the current, the fuel controller, which uses the current for its signal, will react
by reducing the flow rate in order to maintain a constant fuel utilization. This reduced fuel flowrate
and the dynamics associated with that action affects the species concentration as well as heat flux
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in the direction of the fuel flow which has an effect on the voltage. However, the voltage is closely
tied with the current, so it reacts with the change in current more quickly, but the temperature
within the cell will reach a new steady-state after a transient which is reflected in the time it takes
for the voltage to reach steady-state. The electric heaters are controlled based upon the inlet
temperatures and react as those temperatures change. These effects can be seen in the system’s
response to ramp perturbation in Figure 27 below where power input to the stack was ramped from
100 kW to 1 kW over the course of 1,000 seconds.
The system efficiency is inversely proportional to the voltage since voltage, current, and power
each increase with voltage. The opposite is true for fuel cell mode where voltage is directly
proportional to the efficiency. The system’s electrochemical response was very fast compared to
the thermal response as evident when comparing Figure 27 and Figure 28 below. The voltage
responds within milliseconds of the current change while the temperature required about 3.5 hours
to reach the new steady-state at the low-power conditions. This slow response can be beneficial to
system performance considering that unwanted power interruptions can occur which would
otherwise cause a large shift in temperature of the stack and be a safety hazard with respect to the
cells themselves. The thermal inertia of the system allows for a few hours of resistance to outside
perturbations that could damage the stack. On the other hand, this requires long start-up and shut
down times on the order of several hours.
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Figure 27. SOEC system response to power ramp down from 100 kW to 1 kW over 1,000
seconds
For this case, the set point for the temperature gradient as measured between the inlet and the
outlet was 50 K (outlet temp minus inlet temp). If the gradient fell below 50 K, then it was allowed
to do so since no harm is expected to come to the stack due to a small gradient. As a result, the Δ𝑇
falls to near zero at low power due to the counter-flow arrangement of the stack combined with
the fixed inlet temperatures. The incoming air is keeping the outgoing steam near its set point
resulting in a small temperature gradient. The cell actually crosses from the exothermic regime,
through the thermoneutral voltage, into the endothermic regime. There appears to be no significant
effect on the performance of the system as a result of crossing the thermoneutral voltage. The
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hydrogen generation efficiency rises above 100% at low voltages, but very little hydrogen is being
produced at that time due to the low power input. In order to obtain high hydrogen output and high
stack efficiency, external heat should be provided to the stack in some way. One way to do this is
to provide heat to the steam directly in the steam heat exchanger and maintaining a fixed
temperature of the steam inlet. Another method is to provide heat to the stack directly by
incorporating a heat transfer fluid through a manifold within the stack enclosure. Another
configuration considers adding heat directly to the stack by means of heat tubes that are attached
to a thermal reservoir that can be heated externally.

Figure 28. SOEC system temperature response to power ramp down from 100 kW to 1 kW
over 1,000 seconds
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Figure 29. System temperature response which lacks resistive heater input at exothermic
conditions
Figure 29 presents the system’s thermal response to the heaters being shut off during
exothermic operation. The stack begins to cool down immediately as a result and reaches a new
steady-state temperature after approximately 8 hours. This steady-state operating point without
external heat input is possible because the stack is generating heat at these conditions. However,
there is simply not enough heat generated and recuperated through the heat exchanger to keep the
inlet at the set point and to also maintain the 10% inlet hydrogen set point. It becomes clear that
some sort of external heat is needed to maintain stack operating temperatures.
Figure 30 presents the system’s thermal response to too much resistive heater input. The stack’s
average temperature and other associated temperatures increase over time. Since the heaters, for
this case, had a fixed power output, the system reached a steady-state, but the temperatures were
well above the safe operating conditions for the stack. In order to maintain the control over the
system temperature, PI controllers were implemented to control the heater output which gave the
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system response as presented in Figure 27 and Figure 28. The negative Δ𝑇 results because the
model calculates a decreased voltage with increased temperature. The voltage actually drops below
the thermoneutral voltage causing the stack to operate in a strong endothermic regime. As a result,
the temperature of the exit gases with respect to the inlet gases is greatly reduced.

Figure 30. System temperature response with too much resistive heater input at 100 kW input
At endothermic conditions, the system’s thermal response exhibits continual cooling since no
heat is generated within the stack. Figure 31 presents the system’s thermal response and it is clear
that the system cannot be operated under endothermic conditions without additional heat input.
The power input to the stack drops because the stack is controlled according to a voltage set point
of 1.2 V. As the stack temperature decreases, the electrochemical overpotentials increase resulting
in lower current driven through the SOEC for the 1.2 V difference. A 1.2 V set point for high
resistive heater output results in plots similar to Figure 30 since the inlet temperatures remain
pretty much the same at those conditions.
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Figure 31. System temperature response which lacks resistive heater input at endothermic
conditions at 1.2 V
5.1.3 Steady-State SOFC Results
The same stack and balance of plant were operated in fuel cell mode by turning down the
power supplied to the SOEC stack to just 1% of its rated nominal power (i.e., 1 kW compared to
100 kW), saving the final state of each parameter at each node including: current density, voltage,
species concentration, flow rate, and temperature. These final states were used as the initial
conditions to the fuel cell stack wherein pure hydrogen was supplied to the fuel electrode instead
of a 90-10 mixture of steam and hydrogen. Steam remained in the fuel channel as well as the inlet,
but is replaced by pure hydrogen and eventually the hydrogen/steam mixture which is expected in
normal fuel cell operation. The transition from 10% hydrogen to 100% hydrogen in the fuel inlet
happens very quickly, after only 5 seconds the inlet is replaced by hydrogen completely as shown
in Figure 32.
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Figure 32. Transition from steam to hydrogen at the stack inlet when switching from EC to
FC mode
The system was allowed to reach a steady-state a low power output before it was brought up
to the same current density it operated at in EC mode. The low power temperature distribution and
spatial results are presented in Figure 33 below.
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Figure 33. Spatially resolved results for: a) current density, b) temperature, c) steam
concentration, and d) hydrogen concentration at low current density in fuel cell mode
Similarly to EC mode at exothermic or high voltage conditions, the current density is highest
at the fuel inlet which corresponds to a higher temperature at the inlet of the cell. This means that
most of the fuel is converted to steam at the inlet which travels down the channel, thus increasing
the steam concentration at the outlet of the cell. After reaching steady-state in a low current density
condition, the FC system was brought up to full power by increasing the fuel flow and ramping up
the current over 1,000 seconds to the same current density as the full power EC mode. Since
voltage decreases with increased current in FC mode, the power output of the stack is significantly
less than the power input into the stack in EC mode at the same current density. For the same stack

73

operated in FC mode at 75% fuel utilization, a current density of 319 mA/cm2, the power output
achieved was 48.8 kW with a system efficiency of 44.8%. The blower was not able to keep the
temperature difference between the inlet and outlet of the oxygen electrode below 50 K, but did
keep it at about 80 K; below 100 K is still within a reasonably safe regime to operate. A significant
amount of extra blower power would be needed to keep the temperature difference within 50 K
because there is a significant amount of heat being generated by the cell at the given current
density. If the set current density is lowered further, the system can maintain a 50 K temperature
difference and achieve a higher efficiency, but it will not be able to generate as much power. For
example, halving the current density from 319 mA/cm2 to 160 mA/cm2 increased efficiency to
50%, but decreased the power output to 27 kW. The 50 K set point for the temperature difference
was met in this scenario. A trade-off between thermal management, power, and efficiency is
evident, but does provide some flexibility in terms of desired operation conditions. The full power
operating conditions are presented in Table 5 below.
Table 5.

Nominal steady-state operating conditions for the resistive heater supported
RSOFC in fuel cell mode

Parameter

Value

Units

Rated Power Output

48.8

kW

Cell Voltage

0.763

V

Current Density

319

mA/cm2

Fuel Utilization

0.75

Combined Heater Output

23

Inlet H2 Concentration

1

Stack Efficiency

0.46

System Efficiency

0.448

74

W

Figure 34. Spatially resolved results for: a) current density, b) temperature, c) steam
concentration, and d) hydrogen concentration at high current density in fuel cell mode
Figure 34 presents the spatially resolved effects of the high current density. The trends are
similar to those for the low current density case in Figure 33 except that the concentration gradient
of the steam is higher toward the outlet of the fuel electrode due to the higher flow rates given the
fixed fuel utilization. The temperature gradient is higher in this case as well since the cell is
significantly exothermic and the blower would require significant amounts of power to maintain
the 50 K temperature difference across the outlet and inlet of the oxygen electrode. If the current
density of the cell is reduced, the power output would be reduced, but the thermal management of
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the system can more easily reach set points. However, for the current case, the difference still falls
within acceptable bounds. The resultant LHV stack round-trip efficiency of the hydrogen
generated by the EC mode and then consumed by the FC mode to generate power is 48.7% as
calculated by equation 39 [168]. The system round-trip efficiency is 35% as calculated by equation
40.

ηRT,stack =

𝐸𝑆𝑂𝐹𝐶 𝑄𝑆𝑂𝐹𝐶 𝑉𝑆𝑂𝐹𝐶 𝑉𝑆𝑂𝐹𝐶
=
=
𝐸𝑆𝑂𝐸𝐶 𝑄𝑆𝑂𝐸𝐶 𝑉𝑆𝑂𝐸𝐶 𝑉𝑆𝑂𝐸𝐶

𝜂𝑅𝑇 , 𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝑆𝑂𝐸𝐶 × 𝜂𝑆𝑂𝐹𝐶

[39]
[40]

5.1.4 Dynamic SOFC Results
Similar to 5.1.2 where the power input to the SOEC stack was reduced from 100% to 1%, the
same power ramp is modeled on the SOFC stack in order to understand the dynamic effect on the
system and important parameters. For FC mode, the current density is ramped from 319 mA/cm2
to 4.97 mA/cm2 which is the same ramp that the stack in EC mode underwent in the previous
section.
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Figure 35. SOFC system response to power ramp down from 100% power output 1% over
1,000 seconds
Figure 35 presents the system’s response to the power ramp from 48.8 kW to 1 kW over 1,000
seconds. The efficiency is proportional to the voltage in fuel cell mode, so it increases with the
increasing voltage. The slight overshoot in the voltage is a result of the slight dip in fuel utilization
at the end of the ramp which affects the Nernst voltage by allowing a greater amount of reactants
to remain in the cell driving the potential up a little bit higher than the steady-state value.
Figure 36 presents the system’s thermal response to the power ramp. The average stack
temperature decreases at low power because not much heat is generated within the stack and the
blower is has a minimum value that it operates, so heat does not stay long within the stack. For
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this case, both the air and the fuel inlet are fixed to 930 K, so the temperature never dips below
that point which is expected considering there are no endothermic reactions in fuel cell mode. The
temperature difference across the stack also decreases since the outlet temperature more closely
matches the inlet temperature at low power output. These combined results generally indicate that
reversible operation of an RSOFC is possible by means of resistive electric heaters for use in
providing heat to the air and fuel in order to maintain a constant temperature. There is an effect on
the system efficiency, but the utilization of recirculation in conjunction with these heaters lowers
the parasitic load of the heaters. However, in a scenario where the RSOFC in EC mode is powered
by curtailed renewable power, there may not be enough power available to keep the system hot

Power Output (kW)

when curtailed power is not available.

Figure 36. SOFC system temperature response to power ramp down from 48.8 kW to 1 kW
over 1,000 seconds
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5.1.5 Discussion
The resistive heater supported RSOFC system offers a balance of plant that is similar to typical
SOFC systems that includes two heat exchangers and a blower for cooling as needed. Recirculation
and mixing are also utilized in order to recover as much heat as possible in order to keep the heater
load to a minimum. As a result, the heater load is low compared to the overall stack input to the
system, even for a relatively low steam utilization at sub-thermoneutral voltage operation. The net
result is a relatively efficient hydrogen generator and power generator with a round-trip stack
efficiency of 48.7% and a round-trip system efficiency of 35% for a stack designed to operate at
high current density. Since the heaters are located just prior to the stack, the inlet temperatures
respond much better to control inputs, so the thermal management responds much quicker than if
the heaters were situated upstream of the heat exchangers, for example.

5.2 Combustor RSOFC
The use of a combustor in an RSOFC system as the primary means of maintaining temperatures
has the advantage of not relying on any significant electrical input for preheating. This may be
especially useful in the case when available electric power is limited due to reduced renewable
availability or high electricity prices. The first configuration considered for this study utilized a
similar balance of plant design as the resistive heater configuration wherein two heat exchangers
were used for preheating the air and the fuel with the combustor situated such that its exhaust
provided heat first to the air preheater and second to the fuel preheater. Combustor exhaust was
first directed to the air preheater and secondly to the fuel preheater. This means that enough heat
must be generated in the exhaust to bring both the air and the fuel up to the required inlet
temperature of the stack. As a result, the air would be heated to a much higher temperature than
was needed in order to retain enough heat in the combustor exhaust in order to preheat the fuel. In
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order to bring the air temperature back down, cool air was mixed with the hot air. This
configuration basically resulted in a situation in which extra combustor fuel was being used to
overheat air which would be immediately cooled down resulting in significant efficiency penalties
to the system. The steady-state system efficiency came in at less than 20% in EC mode for this
particular configuration which is significantly lower than the resistive heater case. A primary
advantage of the aforementioned configuration was that it only required two heat exchangers and
two mixing volumes for the air and fuel streams.
A more efficient configuration was developed which more effectively utilizes waste heat from
the stack in both fuel cell and electrolysis modes. This system requires the use of four heat
exchangers and two mixing volumes, but results in a system steady-state efficiency closer to 50%
in SOEC mode, the schematic is presented in Figure 37. Heat from the fuel electrode exhaust is
used to initially preheat the cold fuel. Heat from the combustor exhaust is then passed through a
second fuel heat exchanger which raises the fuel temperature closer to the set point inlet
temperature. Finally, the fine tuning for the temperature takes place in a mixing volume which is
controlled via one of the two valves associated with the fuel line. In SOEC mode, exhaust hydrogen
is rerouted through the mixing volume in order to ensure a 10% hydrogen inlet concentration. That
same recirculation is not necessarily used in SOFC mode since recirculation is not necessary in
order to maintain a particular species concentration. A 100 kW SOEC stack based on the
previously discussed stack in 4.2 was modeled with the various operating parameters listed in
Table 6.
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Figure 37. RSOFC supported by an external combustor system configuration
Table 6.

Nominal steady-state operating conditions for the combustor supported RSOFC
in electrolysis mode
Parameter

Value

Units

Rated Power Input

100

kW

Cell Voltage

1.599

V

Current Density

312.7

mA/cm2

Steam Utilization

0.85

Extra Fuel Input

0.1485

Inlet H2 Concentration

0.1

Stack Efficiency

0.775

System Efficiency

0.567

mol/s

This configuration operated with too little or too much fuel resulted in the same temperature
distribution as Figure 21 which is expected considering that the inlet to the stack is the same for a
given utilization and inlet temperature set point.
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5.2.1 Steady-State SOEC Results

Figure 38. EC temperature gradient operated at 1.599 V, above the thermoneutral voltage
The operating cell voltage is slightly higher in the case compared to Table 4 due to the higher
steam utilization compared which increases the Nernst voltage of the cell, the resultant stack
efficiency was calculated to be 77.5%. For the 100 kW power input, a lower current density is
achieved, so slightly less hydrogen is generated per unit energy input to the stack. The fuel used
in the combustor was pure hydrogen assumed to be generated previously and purified separately
from the current system. With extra fuel and additional air parasitic, the total system efficiency of
hydrogen generation was 56.7% at 100 kW input power based on the lower heating value of
hydrogen. The stack is currently operated above the thermoneutral voltage, but still requires
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additional heat input in order to generate steam and raise both the steam and the air to the required
stack inlet temperature.
Figure 38 presents the cell’s temperature profile in exothermic mode as supported by a
combustor with a higher utilization. The higher utilization reduces the stack efficiency, but it
allows for easier thermal integration since less fuel needs to be preheated. This is in direct contrast
to the resistive heater case since the heaters were situated just prior to the stack inlet. As a result,
inefficiencies associated with the heat exchangers did not have as much of an impact in that
configuration. Figure 39 presents the spatially resolved results of: a) current density, b)
thermoneutral voltage, c) steam concentration, and d) hydrogen concentration. The results are very
similar to the previous cases with the only exception being that the hydrogen concentration is
higher at the outlet compared to the steam concentration due to the higher steam utilization set
point. Since the combustor heat is delivered to the fuel and air prior to the stack, the only effect on
the stack itself comes from the difference in utilization which was raised from 0.5 to 0.85. At full
power, this difference in efficiency improved the system’s operating efficiency, but did little to
improve the system efficiency at low power. The burner still operated to keep both the fuel and air
at their inlet temperature set points even though little power was produced. As a result, system
efficiency at low power fell to 2.8%.
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Figure 39. Spatially resolved results for: a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration at exothermic conditions for a selfsustaining RSOFC in EC mode
5.2.2 Dynamic SOEC Results
Similar to the resistive heater configuration, the current RSOFC system was ramped down
from 100 kW of power input to 1 kW input power over 1,000 seconds. The ramp’s effect on the
system is presented in Figure 40 below.
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Figure 40. SOEC system response to power ramp down from 100 kW to 1 kW over 1,000
seconds
As power is decreased, the stack efficiency increases because the voltage decreases along with
the current which follows the available power. Hydrogen generation follows the current as well as
the steam flow to maintain a constant steam utilization of 0.85. Similar to the previous SOEC case,
stack efficiency is inversely proportional to the voltage. The system efficiency follows the power
with a slight delay near the beginning of the ramp. This is due to losses associated with imperfect
heat exchange which effectively results in the need to burn more fuel to maintain temperatures
than is required given the actual operating temperatures of the fluid. In other words, more fuel is
burned in order to maintain temperatures than is necessary due to the non-ideal heat exchangers.
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Figure 41 presents the system’s thermal response to the ramp perturbation. The inlet
temperatures were maintained at or near 930 K throughout the ramp and the average stack
temperature and outlet temperatures converge onto 930 K despite the stack operating below the
thermoneutral voltage. The Δ𝑇 of the stack, measured as between the outlet and the inlet falls
below zero indicating that cooling is occurring within the stack. Regardless, the parameter stays
well within the set point of 50 K.

Figure 41. SOEC system temperature response to power ramp down from 100 kW to 1 kW
over 1,000 seconds
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Figure 42. System temperature response with too much fuel input to the combustor at
exothermic conditions
Figure 42 presents the system’s thermal response to an abundance of fuel delivered to the
combustor. Similar to the response in Figure 30, the average stack temperature increases and the
Δ𝑇 falls well below zero due to the model’s calculation of decreased voltage at higher
temperatures. This operating condition is not realistic and again highlights the need for careful
thermal control of the system.
5.2.3 Steady-State SOFC Results
Similar to the RSOFC with resistive heater, the same stack and balance of plant were operated
in fuel cell mode by turning down the power supplied to the SOEC stack to 1% of its rated nominal
power (i.e., 1 kW compared to 100 kW), saving the final state of each parameter at each node
including: current density, voltage, species concentration, flow rate, and temperature. These final
states were used as the initial conditions to the fuel cell stack wherein pure hydrogen was supplied
to the fuel electrode. Steam remained in the fuel channel as well as the inlet, but is replaced by
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pure hydrogen and eventually the hydrogen/steam mixture which is expected in normal fuel cell
operation. The transition from 10% hydrogen to 100% hydrogen in the fuel inlet happens very
quickly; after only 1 second the inlet composition shifts from steam to hydrogen according to
Figure 43. At low power, a significant amount of heat from the combustor is required in order to
maintain stack and inlet temperatures owing to the four imperfect heat exchangers. As a result,
even though the stack efficiency may be improved, the overall system efficiency is not improved
as a result of the extra fuel to the combustor configuration. The resultant power output at the
maximum current density in fuel cell mode was 40.9 kW at a stack efficiency of 44.6%. The roundtrip efficiency for this configuration at full power is 24%.

Figure 43. Transition from steam to hydrogen at the stack inlet when switching from EC to
FC mode
Figure 44 presents the steady-state spatial distribution of a) current density, b) temperature, c)
steam concentration, and d) hydrogen concentration for the cells at low current density in fuel cell
mode. Similar to all previous cases, the current density is highest at the fuel inlet where the greatest
amount of hydrogen reactants are present. Steam is generated along the length of the cell and
accumulates at the fuel electrode outlet. For this case, no fuel electrode exhaust was recirculated
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and the inlet temperature was maintained purely by the combustor. Most of the hydrogen is
consumed at the inlet and this is reflected by the calculation of species for the first column on the
cell. As a result, even though the inlet species is 100% hydrogen, the first node indicates that most
of the hydrogen has been consumed into steam.
Table 7.

Nominal steady-state operating conditions for the combustor supported RSOFC
in fuel cell mode
Parameter

Value

Units

Rated Power Input

40.9

kW

Cell Voltage

0.6529

V

Current Density

312.7

mA/cm2

Fuel Utilization

0.85

Extra Fuel Input

0.0006

Inlet H2 Concentration

1

Stack Efficiency

0.446

System Efficiency

0.423
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Figure 44. Spatially resolved results for: a) current density, b) temperature, c) steam
concentration, and d) hydrogen concentration at low current density in fuel cell mode
At the full rated current density of 312.7 mA/cm2, the magnitude of the spatial current density
increases as expected and the temperature profile shows a larger gradient which is controlled to no
greater than 50 K using the air blower for the oxygen electrode. Air recirculation is used to control
the inlet temperature of the oxygen electrode and the combustor and recirculation is used for the
fuel electrode. Figure 45 presents the spatially resolved results at full current density. For this case,
fuel recirculation was turned on in order to more efficiently thermally manage the system by
reducing the fuel needed for the combustor. Again, the current density is highest at the fuel inlet
which means that most of the hydrogen is converted to steam at the inlet. The steam is the greatest
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at the outlet as a result of steam generation along the length of the channel and steam that is
traveling down the length of the channel.

Figure 45. Spatially resolved results for: a) current density, b) temperature, c) steam
concentration, and d) hydrogen concentration at high current density in fuel cell mode
5.2.4 Dynamic SOFC Results
The system was operated dynamically through a ramp perturbation over the course of 1,000s
by ramping the power demand from the full steady-state output down to the same minimal current
density associated with electrolysis mode. This resulted in a power output ramp from 40.9 kW to
1.4 kW. The stack efficiency increases proportionally to the voltage from 44.6% to 60.7% and the
voltage increases from 0.653 V per cell to 0.886 V per cell. Figure 46 presents the dynamic results
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across ramp from the full power to low power. The voltage overshoots its steady-state value since,
for the given current, there is an abundance of reactants in the channel which affects the Nernst
voltage. Eventually the flow in the channel reaches its steady-state value and the voltage follows.
The power ramp exhibits a slight bulge in its curve since the system is current controlled. As a
result the current is ramped down according to a particular power demand and the voltage follows
which results in a non-linear power ramp.

Figure 46. SOFC system response to power ramp down from 100% power output 1% over
1,000 seconds
The temperature response of the system to the ramp is presented in Figure 47. The average
temperature of the stack and outlet flows decrease with decreased power. This response is expected
because less fuel is being consumed, so less power and less heat are being released by the chemical
bonds of the hydrogen. As a result, average and outlet temperatures approach the inlet temperatures
since only a marginal amount of heat is being produced. The slight variation in temperature evident
at during the ramp perturbation are the result of tuning imbalances with the controllers which affect
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the inlet temperatures and the Δ𝑇 of the stack as measured from the outlet to the inlet. It is evident
that the controllers can be better optimized to perform smoothly during the ramp, however, since
the combustor is situated in such a way that it does not directly have control over the fuel inlet
temperature, it is difficult to tune the controller to provide a better response. More work in this
area is evident and would have a positive benefit on the design of a combustor supported RSOFC

Power Output (kW)

system.

Figure 47. SOFC system temperature response to power ramp down from 48.8 kW to 1 kW
over 1,000 seconds
5.2.5 Discussion
This configuration presented a challenge with respect to thermal management due to the
placement of the combustor upstream of the preheaters for the fuel and air. As a result,
inefficiencies from those heat exchangers required more inlet fuel for the combustor, thus reducing
the overall system efficiency. Furthermore, in order to better recuperate heat generated within the
stack and latent heat remaining in the gases, two heat exchangers per fluid were needed along with
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two mixing volumes for each. This configuration introduces further inefficiencies as well as
complication and cost to the system. The temperature controllers also do not respond as well as
they do for the resistive heater case. The round-trip stack efficiency for this configuration was
40.8% as calculated by equation 39 and the round-trip system efficiency was 24% which is
significantly lower than the resistive heater case. The stack efficiency is lower because a higher
steam utilization was needed for the SOEC operation in an attempt to minimize combustor fuel for
preheating the steam which resulted in a deleterious effect on the stack efficiency.
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Chapter 6: Renewable Integrated SOEC System
Figure 48 presents the system configuration for a molten salt supported SOEC. For this study,
the salt is assumed to be sourced from a concentrated solar installation that can provide the
temperatures up to 1023 K which is the highest temperature that commercially available salthandling equipment can support. In this case, an abundance of heat is assumed to be available for
a 100 kW SOEC system. The salt is pumped first through the steam preheater and then to the air
since the steam has a higher mass flow rate than the air and therefore requires more heat. Hydrogen
is generated in the cathode and the fraction of steam leftover in the exhaust is dropped out and
recirculated into the system. A slipstream of hydrogen is diverted back to inlet in order to maintain
a 10% H2-H2O mixture in order to ensure a reducing environment is maintained. Air is preheated
and treated mainly as a sweep gas to keep a flow along the anode and remove oxygen as it
accumulates in the channel. As needed, the exhaust air can be recirculated to maintain the inlet
temperature according to the set point.

Hot Molten Salt

H2O/H2
SOEC

H2/H2O
H2

Steam
Exhaust
Oxygen

H2O dropout

Fresh Air
HX

Cold Molten Salt

Makeup water

Figure 48. SOEC system configuration with thermal salt input from CSP
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The thermal salt provides enough energy to raise ambient temperature water to superheated
steam at the operating temperature of the stack of 930 K. Hydrogen generation efficiency of the
system is defined as the ratio of hydrogen’s chemical energy over the input power according to
equation 41.

𝜂𝐻2 =

𝐿𝐻𝑉𝐻2 (𝑛̇ 𝐻2,𝑂𝑢𝑡 − 𝑛̇ 𝐻2,𝐼𝑛 )
𝑃𝑜𝑤𝑒𝑟

[41]

6.1 Steady-State Results
The SOEC+CSP conditions that were modeled are presented in Table I. Under steady state
operating conditions, SOFC systems generally operate with a fixed fuel utilization and an SOEC
can be operated similarly as well. However, when an external heat source is present, there is
flexibility in how the system can be controlled. For example, the cathode inlet temperature (i.e.,
steam inlet temperature) can be fixed and the flow of steam varied according to the availability of
external heat. The amount of hydrogen produced can also be fixed allowing for variable amounts
of power.
Table 8.

SOEC+CSP Design Operating Parameters

Parameter

Value

Units

Rated Power Input

100

kW

Cell Voltage

1.276

V

Current Density

78.36

mA/cm2

Salt Inlet Temperature

1023

Kelvin

Nominal Salt Flow Rate

0.678

kg/s

Steam Utilization

0.5

Inlet H2 Concentration

0.1

Stack Efficiency

0.968
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System Efficiency

0.948

An important consideration for SOE cells is the temperature distribution across the whole
stack. Generally a temperature gradient of no greater than 100 K across the length of the cell is
acceptable in order to avoid damaging thermal stresses. The current stack was simulated as a cell
in cross flow which gives a very low temperature gradient at full power with maximum molten
salt flow used for generating steam. Figure 49 presents the temperature gradient of a 5x5 node cell
which shows a small temperature gradient across the stack.

Figure 49. Temperature distribution of an SOEC in counter flow at the steady-state
conditions of Table 8
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Figure 50 presents spatially resolved data for the cell at the same steady-state conditions as
Figure 49 and Table 8. The current density (a) is greatest at the steam inlet as well as the steam
concentration (c). As a result, it is expected that most of the hydrogen is generated at the inlet of
the steam flow, but the hydrogen flows along the length of the channel and therefore has the
greatest concentration at the outlet (d). Since thermoneutral voltage (b) is a function of temperature
(Equation 5), it also varies across the length of the cell even though the actual voltage is the same
across the whole cell. The efficiency at this state was calculated as 98% with respect to Equation
12. This is due to the greater power going into the cell than is needed to generate hydrogen.

Figure 50. Spatially resolved results for: a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration
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6.1.1 Dynamic Step Response
We assume that the CSP system, which would follow the path of the sun, will maintain a
constant salt temperature by varying the flowrate of salt. In order to determine the flowrate of the
molten salt, the model calculates the appropriate flowrate to achieve a specified cathode inlet
temperature (930 K for the current case) for a given steam flow rate which is determined based
upon an initial steam utilization. To demonstrate the dynamic capabilities of the model, a step
increase power over 100 seconds was introduced to the system. In order to accommodate the step
increase, steam inlet flow, voltage, and current reacted to accommodate the step from 50 kW to
100 kW. The results are presented in Figure 51. For the lower power input, the efficiency is greater
than one since less power is input into the cell than is needed to generate the given amount of
hydrogen. At the lower power conditions, the cell is operating below some of the spatial
thermoneutral voltages and thus relies on the salt input in order to maintain the operating
temperatures.
In order to fully take advantage of the molten salt and improve the hydrogen generation
efficiency, the stack must be operated at low power settings with a high salt flow rate and a low
steam utilization. Furthermore, considering that the higher thermoneutral voltages coincide with
higher steam concentration according to Figure 50, more heat is being generated at the outlet of
the cell. For sub-thermoneutral voltage operation, this can be problematic since that heat may not
be utilized to manage the temperature gradient. The greatest benefit of taking advantage of
knowing the system thermoneutral voltage (considering heat loss to the environment as well) is
the ability to predict the external heat load or the cooling needed for the stack. Operation at the
thermoneutral voltage would not require any additional heat nor any active cooling and may offer
the best economic benefit of operation.
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Figure 51. A step increase in power from 50 kW to 100 kW affects several operating
conditions including: efficiency, current, voltage, H2 flow, and steam flow
We assume that the power controller immediately adjusts the current for an increase in power
which has a near immediate effect on the voltage which in turn is affected by temperature.
Efficiency reaches over 100% because external heat is supplied to the reaction by preheating the
steam. The stack voltage at 50% load actually falls below the system’s thermoneutral voltage. In
other words, the stack would be cooling down if not for the external heat input. Therefore, the
hydrogen is produced as a result of both electrical and heat input. Over the course of the 100
seconds step, the power responds immediately as well as the current, but approximately 6 hours is
needed for the current and voltage to reach steady-state due to the changing temperature within the
stack. This long time to reach a new steady-state is due to the large thermal mass of the system
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which affects the rate of change of the stack temperature which affects the ohmic polarization. The
voltage spikes at the step-up and step-down are a result of the sudden change of current in a node
when an abundance of steam is present in the control volume of the node. The increased current
immediately consumes oxygen ions from the steam changing the composition at that node which
determines the Nernst voltage. This dynamic characteristic occurs much faster than the steam flow
rate can adjust for a given node and thus a spike in the voltage is seen. The same spike, except in
the opposite direction occurs on the step-down since current is reduced faster than the steam flow
can adjust. Efficiency essentially mirrors the voltage, so an increase in voltage corresponds to a
decrease in efficiency and vice-versa. Increased current demands increased hydrogen production
according to Faraday’s Law of Electrolysis (𝑖 = 𝑛̇ 𝐻2 /2𝐹), as such, steam flow at the outlet
decreases with increased hydrogen flow.
Since the current system design must take into account a variable flow rate of molten salt, a
step increase in molten salt was modeled at a fixed power input of 100 kW. The molten salt was
raised from 50% rated flow to 100% over 100 seconds. Figure 52 presents the constant power,
molten salt step increase. The steam inlet temperature remained constant by varying the steam
flow to the stack. The power fluctuates during the steps as a result of varying current and voltage
at those times. The efficiency increases slightly due to the lower voltage during the salt flowrate
increase. The system’s controls are designed to keep not only the power at a set point, but also the
steam inlet temperature. In this case, with more heat provided to the steam generator during the
step, a higher flow rate is required to maintain the temperature. This results in an overall lower
steam utilization inside the stack which affects the Nernst voltage due to the increased partial
pressure of water present in the cell. As a result, the voltage actually decreases with increased heat.
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The current must ramp up to keep the power constant which results in greater hydrogen production
for the same power input.

Figure 52. A step increase in molten salt flow from 0.15 kg/s to 0.29 kg/s affects several
operating conditions including: efficiency, current, voltage, H2 flow, and steam flow.
These results are similar to those from Figure 50 which suggest that the system, at full power
input, operated above the thermoneutral voltage. For the given power input, the number of cells
was calculated based upon a design power density. As part of the system design, a lower power
density would require a lower operating voltage, but a larger number of cells. As a result, the
system would grow in size, but would operate much more efficiently. Conceivably, such an oversized system could easily use more power than initially rated to generate more hydrogen, absorb

102

more otherwise curtailed renewable energy, or provide load balancing for a microgrid or utility if
sized appropriately for those applications.
6.1.2 Diurnal Response
Since a combined SOEC+CSP system will need to follow diurnal patterns for the molten salt
and/or power input, the system’s response under a diurnal pattern were studied. Data were taken
from a concentrated solar photovoltaic installation at the University of California, Irvine campus
and used as the input for the salt flow and the power input to the stack for the following section.
6.1.2.1 Diurnal Molten Salt
In order to take full advantage of the solar heat input to the SOEC system by use of salt,
conditions were chosen such that the system would be operating below the thermoneutral voltage
during high salt input as presented in Table II. Furthermore, the design power density was halved
in order to increase the number of cells and allow for a lower operating voltage. The same nominal
conditions from Table 8 were used for the following analysis.
Figure 53 presents model results using measured solar power output data from a dual-axis solar
tracker PV system located in Irvine, California. These data were used for the diurnal perturbation
of the salt flow through the steam generator. The data set shows a very smooth solar path with no
significant obstructions for the day. In order to sustain the temperature of the stack and inlet steam,
the salt flow was not allowed to drop below 20% of the rated flow according to the initial steam
utilization. As such, some thermal energy storage is assumed for the following diurnal results.
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Figure 53. Temperature response to the molten salt diurnal input with controlled steam inlet
temperature
The diurnal salt flow presented in Figure 53 is the result of a relatively clear sunny day.
Similarly to Figure 51 and Figure 52, the efficiency of hydrogen generation mirrors the voltage as
presented in Figure 54. The peak salt flow occurred just prior to noon, but the system’s temperature
response lagged the peak salt flow by about an hour due to the time needed to change the
temperature of the stack. In order to maintain a constant power input, the current responded by
mirroring the voltage (according to 𝑃 = 𝐼𝑉) and the hydrogen generation profile follows the
current as expected according to Faraday’s Law. The hydrogen generation efficiency climbs above
1.0 indicating that the system is operating below the thermoneutral voltage and as the salt is
decreased, the system operates just below the thermoneutral voltage.
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Figure 54. Diurnal salt flow perturbation on the SOEC system with fixed input power and
fixed steam inlet temperature for a clear day
A comparison of parameters in response to minimum salt flow and maximum salt flow
according to diurnal perturbation are presented in Table III.
Table 9.

SOEC+CSP Response to minimum and maximum salt flow during diurnal perturbation

Parameter

Min

Max

Efficiency

0.997

1.04

Salt Flow Rate

0.136 kg/s

0.678 kg/s

Hydrogen Generation

0.84 g/s

0.88 g/s

Steam Utilization

0.127

0.59

105

An 80% increase in salt flow correlates to a 4.8% increase in hydrogen generation and a 4.3%
increase in efficiency at fixed power. A total of 74.2 kg of hydrogen was generated for this
representative day.
A representative day with a major cloud obstruction between hours 8 and 10 and some periodic
clouds later in the day between hours 18 and 19 was also simulated. The results are presented in
Figure 55 which show that the system is capable of recovering from an extended period of cloud
cover as long as enough heat is available for steam generation. Approximately 73 kg of hydrogen
was generated for this cloudy day which is not much less than the clear day since the power input
was held constant.

Figure 55. Diurnal salt flow perturbation on the SOEC system with fixed input power and
fixed steam inlet temperature for a cloudy day
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6.1.2.2 Diurnal Power and Salt
The SOEC+CSP system may also be electrically powered by solar power through photovoltaic
cells or a solar-thermal power plant while receiving heat through molten salt. In this case, the
system’s response to a diurnal power input as well as a diurnal molten salt input must be
considered. The same conditions for the above sub-thermoneutral target were used for the
following simulations. The only difference is that the power input was perturbed according to the
same solar data which assumes that the power supplied to the system follows the same solar curve
as the salt input with no delay between the two inputs.
Figure 56 presents the system’s response to both a diurnal salt and power input throughout the
day. Again, the peak solar input to the system occurred just prior to noon as well as the peak
hydrogen generation. Total hydrogen generated for the day under this scenario was 52.4 kg. Table
IV compares some of the minimum and maximum values throughout the day similarly to Table
III.
Table 10. SOEC+CSP Response to minimum and maximum salt flow and power during diurnal perturbation
Parameter

Min

Max

Efficiency

0.983

1.12

Salt Flow Rate

0.136 kg/s

0.678 kg/s

Hydrogen Generation

0.435 g/s

0.876 g/s

Steam Utilization

0.13

0.33
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Figure 56. Diurnal power and salt flow perturbation on the SOEC+CSP system with fixed
steam inlet temperature on a clear day
At hours 6 and 18, the voltage dips over the course of about half an hour and then increases.
At hour 6, both the salt and the power begin to increase which results in increased heat in the stack
as well as increased steam in the stack, both of which will cause the voltage to decrease. However,
since the power is controlled by the current, the current increases and the voltage reacts by
increasing as well according to typical V-j curve characteristics. Simultaneously, the stack
temperature increases throughout the day which causes the voltage to drop over the time between
hours 7 and 18. At just after 18 hours, the power and salt are reduced to their minimum values for
the day and the voltage responds to the drop in current and subsequently goes back to steady state
is a result of the stack temperature decreasing over the same time scales. To summarize, the unique
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response of the voltage is due to various interconnected parameters which respond to the dynamic
input. These parameters are primarily: stack temperature, steam utilization, and current.
Figure 57 presents the results of the system’s response to diurnal salt flow and power for a
cloudy day. During the cloud cover event after hour 8, the system’s response mimics the step
response presented in Figure 51, namely the voltage temporarily overshoots a steady-state value.
For this case 50.4 kg of hydrogen was generated and similar values to Table IV were recorded for
maximum and minimum response characteristics.

Figure 57. Diurnal power and salt flow perturbation on the SOEC+CSP system with fixed
steam inlet temperature on a cloudy day
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6.1.3 Discussion
A spatially and temporally resolved solid oxide electrolysis cell model was developed and used
in a dynamic SOEC system model which included necessary heat exchangers, blowers, and mixing
for operation below the system thermoneutral voltage. The system also included additional heat
input from a simulated concentrated solar dish using molten salt as the thermal heat transfer fluid.
Spatial results of temperature, current density, thermoneutral voltage, hydrogen, and steam
concentrations were presented. The power input was perturbed as well as the salt flow in order to
understand the dynamic response of the system, namely through efficiency, voltage, current, and
hydrogen generation with solar heat input. Diurnal dynamics of both salt and power input were
studied using the model. We showed that an SOEC system could conceivably operate below the
thermoneutral voltage with an external heat source of sufficient quality. 4% increase in hydrogen
production as well as hydrogen generation efficiency was calculated for the diurnal salt
perturbation only. The system generated 52 kg of hydrogen in a given day under both solar power
and thermal input. Increased heat input to the system, while maintaining the steam inlet
temperature, has the effect of decreasing the cell voltage and increasing the hydrogen generation
for the same amount of power input. A system capable of operating below thermoneutral voltage
is probably undersized and would make a good candidate for absorbing otherwise curtailed
renewable power, or providing load balancing to a microgrid or utility. The slow thermal response
of the system, especially at low flows, can positively impact the amount of thermal energy storage
needed for the system. The bottleneck associated with the thermal conduction of heat may be
addressed by higher-heat conducting materials, but may not be desirable for the current
application. The thermal mass of the stack allows for a few hours when the molten salts are not as
necessary.
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Chapter 7: Nuclear Integrated SOEC System
The AHTR can deliver up to 2400 MWth of heat at temperatures between 970 to 1230 K
depending upon the application [169]. For a given steam utilization, the size of a corresponding
electrolyzer can be determined by calculating the amount of steam that can be raised to the
operating temperature for the SOEC. The steam utilization is the ratio of the steam consumed over
the supply steam. The steam consumed follows Faraday’s law in that for every Amp of current
supplied, there is a proportional amount of steam consumed (equations 42 and 43).

𝑈𝑠𝑡𝑒𝑎𝑚 =

𝑛̇ 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑛̇ 𝑖𝑛𝑙𝑒𝑡

𝑈𝑠𝑡𝑒𝑎𝑚 = 𝑁 ×

𝐼
2𝐹𝑛̇ 𝑠𝑡𝑒𝑎𝑚

[42]
[43]

The highest temperature the salt can be raised to according to commercially available
equipment is 1023 K. This temperature constraint requires approximately 12,000 kg/s of Flibe
molten salt flow at full thermal output of the reactor for a temperature drop of 90 K. Forsberg et
al. suggests that the power generation cycle in Figure 6 can achieve efficiencies between 48 – 59%
depending on the configuration and salt temperatures. For this study, we assumed that the gas
turbine efficiency was 48%, meaning that the full load power output of the gas turbine system is
1,152 MW. For part load power generation, we assume that the gas turbines can operate at 30% of
their rated full load. Existing gas turbine power plants are typically limited in their lowest part load
operation due to emissions constraints. Since the configuration in consideration does not use
combustion, the part load can potentially be rated lower than 30%. Regardless, 30% part load
means that the turbines output 345.6 MW which can mostly be used for high temperature
electrolysis. In this setup, 70% of the salt is being diverted away from the gas turbines and used
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for steam generation in the SOEC system. This results in about 8,300 kg/s of salt providing heat
to the SOEC.

7.1 Steady-State Results
The steam utilization and salt temperature were varied for a fixed current density and salt
flowrate in order to determine an optimal operating point with respect to efficiency. This had an
effect on the total input power required for the stack due to effects on the operating voltage. Cell
Nernst potential as well as polarizations were affected by changes in stack temperature and reactant
concentrations. Table 11 summarizes the steady-state operating design points for the various steam
utilizations tested. 10% inlet hydrogen is modeled which is consistent with experimental
procedures in order to keep a reducing environment over the cathode.

Table 11. SOEC design operating parameters
Parameter

Value

Units

Rated Power Input

360 – 395

MW

Salt Inlet Temperature

850 - 1200

Kelvin

Salt Flow Rate

8300

kg/s

Nominal Steam Flow Rate

1.42 – 510

kg/s

Inlet H2 Concentration

0.1

Steam Utilization

0.05 – 0.95

Figure 58 presents contour plots with steam utilization on the X-axis, salt inlet temperature on
the Y-axis, and voltage or temperature indicated by color. The lowest cell voltage at steady-state
occurs with high salt inlet temperature and low steam utilization which corresponds with a lower
Nernst voltage combined with reduced overpotential losses due to the high temperature. The steam
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utilization primarily affects the Nernst voltage where about 100 mV change is calculated.
However, the temperature appears to have a larger effect on the losses where a change on the order
of 500 – 600 mV occurs. As expected, higher salt inlet temperatures correspond with lower cell
voltages. Given the limit of 1023 K for the salt, the minimum voltage corresponded to 0.18 steam
utilization which is the target steam utilization for the results presented hereafter.

Figure 58. Effect of steam utilization and temperature on cell voltage through the losses
Nernst voltage, and temperature
Efficiency is calculated according to the ratio of the lower heating value of hydrogen generated
to the electrical work input as listed in equation 23 below. As such, increased voltage for a given
current requires higher power input which results in a lower efficiency. Voltage and efficiency are
inversely proportional to each other as illustrated in Figure 59 where the highest efficiency occurs
at 0.18 steam utilization for a salt inlet temperature of 1023 K.
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𝜂𝐻2 =

𝐿𝐻𝑉𝐻2 (𝑛̇ 𝐻2 ,𝑜𝑢𝑡 − 𝑛̇ 𝐻2 ,𝑖𝑛 )
𝑃𝑜𝑤𝑒𝑟𝑠𝑡𝑎𝑐𝑘 + 𝑃𝑜𝑤𝑒𝑟𝑏𝑙𝑜𝑤𝑒𝑟

[44]

The effect of steam utilization on voltage is the result of several combined effects including:
concentration on the Nernst voltage, temperature on the Gibbs free energy of the steam, and
temperature on the overpotential losses, primarily ohmic overpotential. Figure 59 presents the
variation in voltage and efficiency as a function of steam utilization where the current was held
constant as well as the salt flow rate. The constant salt flow rate condition allowed the inlet
temperature of the steam to increase with increased steam utilization (coincident with a lower
steam flowrate). However, the effect of the concentration on the Nernst voltage outweighs the
effect of uncontrolled steam inlet temperature, so the voltage rises with increased utilization
despite the increased steam inlet temperature. Maximum efficiency for the current system
configuration occurs with a steam utilization of 0.18 with a corresponding voltage of 1.237 V at a
current density of 150 mA/cm2.
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Figure 59. Steam utilization effects on voltage at fixed current density of 150 mA/cm2, fixed
salt flow rate of 8300 kg/s and temperature of 1023 K
Figure 60 presents the temperature distribution along the SOE cell for a 5x5 cell as measured
on the cathode. The temperature changes no more than 5 K and exhibits endothermic behavior as
evidenced by the decreasing temperature along the channel. This small temperature gradient
suggests that there is little effect on the thermoneutral voltage which is presented in Figure 61. The
variance in cell voltage from the thermoneutral voltage indicates endothermic operation, but only
slightly. Thus, we see a decrease in temperature of the cathode species, but only a very small
change. With the small temperature gradient, SOEC degradation mechanisms associated with
temperature gradients are not a major consideration in operation near thermoneutral voltage.
Figure 61 presents the spatial resolution of a) current density, b) thermoneutral voltage, c)
steam concentration, and d) hydrogen concentration. The current density is the highest at the
cathode inlet which corresponds to the highest temperature of the cell; this is because the
endothermic reaction cools the flow along the length of the cell. Thermoneutral voltage hardly
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changes with space because of the limited effect of the small temperature gradient on the species
enthalpy. The calculated thermoneutral voltage is close to 1.283 V and varies by about 80
microvolts. Steam concentration decreases while hydrogen concentration increases, as expected,
due to the consumption of oxygen across the electrolyte.

Figure 60. Temperature distribution of a 5x5 node SOE cell in counter flow at the steadystate for 0.18 steam utilization and 1023 K inlet salt temperature
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Figure 61. a) Current density, b) thermoneutral voltage, and c) & d) species concentrations
of a 5x5 node SOE cell in counter flow at 0.18 steam utilization and 1023 K inlet salt
temperature

7.2 Dynamic Results
In this section, the salt flow rate and the power input were individually perturbed and then
combined in order to more closely mimic an actual operation scenario. The results of these
dynamic tests show that an SOEC could potentially enable dynamic dispatch of a nuclear reactor
by redirecting the energy available as needed.
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7.2.1 Molten Salt Perturbation
For the first case, the salt flow rate was increased from 10% of the rated 8,300 kg/s to 100%
over flow rate 100 seconds and the system’s response is presented in Figure 62.below. For this
case, the steam utilization was held constant while the steam inlet temperature was allowed to vary.
The increasing inlet temperature reduces the cell voltage which in turn requires the current
controller to increase the current in order to maintain a constant power. The change in current is
then sensed by the utilization controller which then increases the steam flow. As a result, hydrogen
generation increases from 2.56 kg/s to 2.91 kg/s – an increase of 12%. The system reaches a new
steady-state over the course of approximately 20 hours. This length of time to settle to a steadystate is due to the large thermal mass of the system as it reacts to a thermal perturbation. The step
down in salt indicates the opposite is occurring with respect to the step up. All the values settle
back down to their original steady-state point, but the time frame to do so is much longer – closer
to 150 hours. The system settles back down over a much longer period of time because there is
less mass flow through the system at 10% salt flow rate, so the temperatures take a lot longer to
settle.
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Figure 62. Effect of salt flow perturbation on various parameters; a) is the salt step up, b) is
the salt step down

7.2.2 Power Input Perturbation
The power was stepped up from 10% of the rated 345 MW to 100% over the course of 100
seconds, similarly to the molten salt perturbation. For this case, steam inlet temperature was fixed
while steam utilization was allowed to vary. This is because the low voltage of the stack resulted
in highly endothermic conditions and the stack was unable to maintain temperature without some
controller that would adjust for the stack temperatures. In order to change the power setting, the
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current controller reads the change in the set point and adjusts the current until the power matches
the set point. This leads to a change in the system that occurs much more quickly than the salt
perturbation. The overshoot in voltage is due to the sudden increase in current (and therefore,
consumption of oxygen ions) and the corresponding change in Nernst potential until the flow has
the chance to catch up. The stack temperature requires about two hours to settle to a new steadystate, as do the other system parameters. Hydrogen generation increases from 0.41 to 2.75 kg/s or
85%. On the step down, the system behaves opposite with respect to the step up, however, the
stack temperature takes longer to settle to steady-state, approximately 4 – 5 hours.
a.

b
.

Figure 63. Effect of power input perturbation on various parameters; a) is the power step up,
b) is the power step down
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7.2.3 Salt and Power Input Perturbation
The following case more closely matches what an actual operating SOEC would have to
respond to in a nuclear integrated case. Both the salt and the power are stepped up at the same time
both from 10% to 100% load over the course of 100 seconds. Figure 64 presents the results for the
case where steam utilization is controlled while the inlet steam temperature is allowed to vary.
Features from both of the previous cases, where either salt or power were perturbed, are present in
these results. For example, the voltage overshoot consistent with the power step is present in both
the step up and the step down, but is much more pronounced in this case. Also, the overshoot in
the water flow controller (and therefore steam utilization) is present as well. However, the
significant time for the system to respond due to the salt flow rate step does not present itself as
significantly as it did previously. In other words, for the step up, the system takes about 2 – 3 hours
to reach the new steady-state. However, on the step down, it takes approximately 20 hours, which
is still far quicker than the only salt case.
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Figure 64. Effect of power input and salt flow perturbation on various parameters; a) is the
step up, b) is the step down
7.2.4 Daily Salt and Power Perturbation
Figure 65 and Figure 66 present the system response to daily perturbations in power and salt
over the course of a week with fixed steam utilization and fixed inlet steam temperature
respectively. This operation scenario assumes that a uniform ramp up of power and salt occurs
daily between 6:00 a.m. and 6:30 a.m. and remains at full load until it ramps down between 7:30
p.m. and 8:00 p.m. This assumes that the nuclear power output needs to be reduced in order to
accommodate greater solar power available on the grid. 10% salt flow and power are available to
the stack in order to keep it hot. These cases illustrate that under such loading, the system does not
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reach a steady-state due to the long thermal settling time as illustrated in the step response nor does
the system cool down or heat up over time. The change in temperature as measured across the
outlet and inlet of the stack, for both cases, stayed below 100 K, but peaked at 76 K at each ramp
up. Significant thermal cycling does occur on the stack itself since the temperature varies between
815 K and 970 K on a daily basis for the fixed utilization case and 860 K and 960 K for the fixed
temperature case.
Over the course of the week, 873,580 kg of hydrogen was produced for the fixed utilization
case for a total of 29,508 MWh of input energy which corresponds to a weekly hydrogen
generation efficiency of 98.4% for the whole week according to Equation 23. The fixed
temperature case generated 862,840 kg of hydrogen over the course of the week at a cost of 29,300
MWh for a weekly efficiency of 97.8%.

Figure 65. System dynamics responding to daily changes of salt and power input over the
course of a week with fixed steam utilization
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Figure 66. System dynamics responding to daily changes of salt and power input over the
course of a week with fixed inlet steam temperature
The gas turbine dispatch is presented in Figure 67 below. These results were calculated using
the efficiency of the turbine system as 48% of the salt heat input as reported above. As the gas
turbine output is reduced to 30% of its rated output, the SOEC is brought up to full power and the
corresponding hydrogen generation curve reflects that. At night, when fewer renewable power is
available, the gas turbine is brought up to full power. The system is set up to deliver power in the
form of hydrogen or electricity and the corresponding total system power output is presented as
“Plant Power Production”. When the gas turbine is generating enough power only for the SOEC
system, approximately 350 MW of hydrogen (LHV basis) is generated which roughly corresponds
to the 345 MW input from the gas turbine. This further illustrates the sub-thermoneutral voltage
of operation of the SOEC which is kept hot thanks to the salt input from the nuclear reactor which
remains steady.
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Figure 67. Gas turbine dispatch response and system power output calculated based upon
LHV of hydrogen combined with the GT power output

7.3 Discussion
A spatially and temporally resolved physical model of an SOEC system with external heat
addition supplied by a nuclear reactor which uses molten salt as the coolant was developed in
MATLAB Simulink which was verified using experimental data from an SOEC short stack. The
model was operated under various steady-state conditions in order to determine the highest
efficiency operating point for hydrogen generation. At a salt inlet temperature of 1023 K, a steam
utilization of 0.18, and a current density of 150 mA/cm2, the model predicted sub-thermoneutral
voltage operating conditions with little temperature gradients across the stack which had little
effect on the spatial distribution of the thermoneutral voltage. Full power input resulted in a
hydrogen generation rate of 2.94 kg/s. Dynamic operation of the system was modeled which
showed a slow thermal response of the system, but a fast electrochemical response and allowed
for the power generation plant to turn down to 30% of its rated output. A daily dynamic profile
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operated over the course of seven days presented no steady-state characteristics, but the system
remained stable throughout. Two different control strategies for the steam flow were used, but
neither resulted in a significant advantage or disadvantage over the other. The daily operation of
the stack resulted in hydrogen generation efficiency between 97.8% and 98.4% with respect to the
stack. The temperature rise across the inlet and outlet of the stack remained below 100 K, however
the stack experienced an average temperature change between 815 K and 970 K on a daily basis
for fixed utilization and 860 K and 960 K for fixed steam inlet temperature.
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Chapter 8: MCEC Reformer-Electrolyzer-Purifier
8.1 Methodology
A spatially and temporally resolved MCEC cell was modeled based upon a previous NFCRC
MCFC model using MATLAB Simulink [116]. The spatially and temporally resolved NFCRC
model uses a series of vectors that represent various nodes across the surface of a fuel cell. At each
of these nodes, several states are calculated including: temperature, species concentrations, current
density, polarization, voltage (taken as constant across the cell to satisfy the equipotential surface
condition), flow rate, and heat generation. The model takes into account the cathode, anode, and
electrolyte structure as three separate, but bulk control volumes of each node resulting in a quasi3-D representation of a fuel cell.
The operation of an MCEC is very similar to that of an MCFC. An MCFC flows reformate and
steam through the fuel electrode and typically air and carbon dioxide through the oxygen electrode.
The CO2 from the oxygen electrode travels through the electrolyte as a carbonate ion (CO3=) and
exits the fuel electrode as CO2 with the extra oxygen atom combining with hydrogen to form water.
Electrons travel from the fuel electrode to the oxygen electrode to generate power. An MCEC is
very similar in that steam and CO2 flow through the fuel electrode, but the carbonate ion travels in
the opposite direction and exits the oxygen electrode as CO2. Oxygen is stripped from the steam
to produce the carbonate ion resulting in hydrogen exiting the fuel electrode and a lower
concentration of carbon dioxide and steam overall. In this case, electrons travel from the oxygen
electrode to the fuel electrode under an applied voltage difference to establish the flow of current.
The polarizations result in a voltage that is higher than the thermodynamic voltage. The Nernst
equation is valid for both MCEC and MCFC. In addition, the main polarizations are activation,
ohmic, and concentration polarization in electrolysis mode, each adding to the required voltage as
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shown in Equations 1 and 2. Typical polarization equations are used for determining the cell
overpotential.
𝜈

𝑉𝑁𝑒𝑟𝑛𝑠𝑡

𝑖
𝑅𝑇 ∏ 𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
=𝐸 −
ln
𝜈𝑖
𝑛𝐹 ∏ 𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

0

𝑉𝐸𝐶 = 𝑉𝑁𝑒𝑟𝑛𝑠𝑡 + 𝜂𝑎𝑐𝑡 + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑜𝑛𝑐

[45]

[46]

Furthermore, the species conservation along the length of the channel depends upon
reformation kinetics, electrochemical utilization, and inlet and outlet concentrations. Mass
conservation and energy conservation are also solved at each time step for each physical node
according to Equations 3, 4, and 5 respectively.
𝑑𝛸𝑖 𝑅𝑅𝐸𝐹 + 𝑅𝐸𝐿𝐸𝐶 + (𝑁̇𝛸)𝑖𝑛 − (𝑁̇𝛸)𝑜𝑢𝑡
=
𝑑𝑡
𝑃𝑗 𝑉𝑗 ⁄𝑅𝑈 𝑇𝑗

[47]

𝑑𝑃 (𝑛̇ 𝑖𝑛 − 𝑛̇ 𝑜𝑢𝑡 ) ∙ 𝑅𝑢 ∙ 𝑇
=
𝑑𝑡
∀

[48]

𝑑𝑇 ∑ 𝑄𝑖 + 𝑞̇
=
𝑑𝑡
𝐶𝑝 𝑚

[49]

The details of the polarization effects and of the fuel cell dynamic model are discussed by
McLarty et al. [116]. In order to match the model voltage with the experimental voltage and
corresponding current density, the area specific resistance, which is tied to ohmic polarization, was
tuned accordingly. Activation polarization at the operating temperature has little effect and the low
operating current density does not incur any concentration polarization.
𝜂𝑜ℎ𝑚 = 𝑗 ∙ 𝐴𝑆𝑅𝑒𝑓𝑓
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[50]

8.2 Steady-State Results
FCE has conducted experiments on the MCEC-REP cell in a 30 cell short stack environment
which included the capability of measuring the temperature profile of a single cell in cross-flow.
The experimental results were conducted at the conditions listed in Table 12; gas concentrations
were measured using gas chromatography from the inlet stream to the stack after an external prereformer.

Table 12. FCE-REP Test Conditions – Fuel Electrode Inlet Species Concentrations
Species

Concentration

CH4

1.27%

CO2

13.79%

H2

44.4%

H2O

40.47%

At these conditions, an average cell temperature of 854 K was measured with a change in
temperature of approximately 14 K across the cell. The measured voltage at steady-state condition
was 1.2 V at a current density of 130 mA/cm2. The resultant temperature profile is presented in
Figure 68.

130

Figure 68. FCE-REP experimental temperature profile
Typical MCEC operation allows for up to a 50 K change in temperature across the cell. This
particular example shows a temperature gradient no larger than 40 K between the highest and
lowest temperatures. At these conditions, 98% pure hydrogen was achieved on a dry-basis. This
high purity is due to the remainder of the CH4 being reformed within the fuel channel and then
product CO2 gets pumped across the electrolyte leaving a relatively pure stream of hydrogen
exiting the fuel channel.
Applying the same inlet conditions to the MCEC model, similar results were reported. Specific
electrochemical parameters at the ohmic polarization were changed in order to achieve 1.2 V at
130 mA/cm2. The resultant model temperature distribution is presented in Figure 69. While the
temperature distributions do not match exactly, a general trend that is similar is observed when
comparing the model to experiment. That is, along the fuel flow direction, the temperature of the
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cell is decreasing. This is likely due to reactant depletion of steam and CO2 which results in lower
current at those sites and therefore lower resistive heating.

Figure 69. Model predicted temperature profile
The discrepancies between the data and the model may be explained by differing temperature
control strategies and heat losses in the experiment that are not adequately captured by the model.
The FCE experiment operated the full stack where heat was evenly applied to the stack from an
external source. However, the model’s control strategy assumes self-sustaining heat generation
and due to the sub-thermoneutral voltage effect, the overall temperature declines with time as
compared to the experiment.
The spatial current density distribution is also presented as shown in Figure 5 below.
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Figure 70. Model predicted current density profile (A/m2)

a)
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b)

c)

Figure 71. Model predicted species concentrations: a) CO2, b) H2O, c) H2
The current density profile indicates that most of the current is consumed at the fuel channel
inlet. However, a comparison of the current density profile with the species concentration profiles
does not immediately indicate that high reactant concentration correlates to high current density
(see Figure 71).
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Higher CO2 concentration exists at the lower left corner whereas higher current density is
observed at the upper left corner. This is due to the bulk of the reformation occurring at the inlet
of the cell as reformate enters the cell. The hydrogen concentration effectively displays the inverse
of the water concentration which illustrates the conversion of water to hydrogen along the length
of the cell. Current production distributions appear to be primarily associated with the temperature
distribution rather than species concentration distributions. A stack operating above thermoneutral
voltage would exhibit temperatures increasing along the length of the channel, especially since
SMR is endothermic and provides substantial cooling to the cell. The model predicted 96% pure
hydrogen on a dry-basis at the same test conditions used by FCE. The experimental results
measured 98% purity hydrogen resulting in a 2% difference between the model and experiment.
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8.3 Dynamic Results

Figure 72. Power and hydrogen production dynamics: 50% to 100% ramp and turndown
Figure 72 presents the dynamic modeling results wherein a step change in power input was
modeled in order to evaluate the hydrogen generation of the stack. The scale of the stack was raised
from the 40 kW, 30 cell short stack to a full sized 1.4 MW stack similar to FCE’s full size MCFC
systems. The step ranged from 50% of 1.4 MW to 100% and back down again after reaching
steady-state at 1.4 MW. The resultant hydrogen generation followed the step change with some
overshoot at ramp up. This result can be improved upon with more responsive power controls on
the current input to the stack. Operating the REP at full power would generate approximately 2300
kilograms of hydrogen per day with the ability to turn down at least to 50% as needed.
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8.4 Discussion
A spatially and temporally resolved thermodynamic MCEC model was developed in order to
predict the behavior of an MCEC-REP cell for the purposes of simultaneously reforming methane
and electrolyzing water to produce a high purity stream of hydrogen by pumping CO2 from the
fuel channel to the oxygen channel. The stack model is capable of predicting the temperature
distribution of the cell as shown by a comparison with experimental temperature data.
Furthermore, spatial resolution of current density and species concentrations were presented which
illustrate the balance between electrolysis and reformation within the MCEC-REP cell. The model
was verified against FCE experimental data and showed that at 1.2 V and 130 mA/cm2, the cell is
capable of producing at least 96% pure hydrogen on a dry-basis compared to 98% pure hydrogen
measured from the experiment. The short stack experiment was capable of producing 100
kilograms of hydrogen a day whereas a 1.4 MW commercial scale system may produce up to 2300
kilograms of hydrogen per day at high purity.
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Chapter 9: Grid Scale Hydrogen Energy Storage
9.1 Methodology
The current work will provide an overview of the capabilities of the existing natural gas
infrastructure to act as a grid-scale hydrogen energy storage (HES) medium. The analysis herein
assumes that the various storage facilities are filled and dispatched in order from smallest to largest
respectively. Realistically, the wells would be utilized simultaneously depending upon the amount
of renewable power generation and RSOFC systems installed that service those facilities.
Regardless, the following analysis will present a significant contribution with respect to whether
the CA storage infrastructure can adequately absorb otherwise curtailed renewable energy.
Hourly resolved renewable power generation data and CA grid demand data were obtained
from the California Independent System Operator (CAISO) website for the entire 2016 year.
California grid demand is not actually reported by CAISO, so it was assumed to match the total
generation output recorded for the whole state. CAISO reports the generation data by renewables,
nuclear, thermal, imports, and large hydropower. This reporting does not include power generation
that occurs outside of CAISO’s control (e.g., unlisted rooftop solar). The data available was
reported hourly and these values were summed up for each hour to determine the demand for that
given hour. The renewable power generation reported includes: geothermal, biomass, biogas, small
hydropower, wind, solar photovoltaic (PV), and solar thermal. In order to assume 100% renewable
penetration, the total energy consumed by the state was calculated by integrating the power
demand data over the whole year. The integral of the solar PV plus wind was also taken in order
to determine the total renewable energy for the year. The renewable output was then scaled up
until the renewable energy output matched the total energy demand for the year. An error was
calculated based upon the ratio of the renewable energy and demand energy. The strategy is
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outlined in equations 51 – 53. This strategy may not reflect how renewables are actually
implemented in the future, but at least the renewable electricity generated will meet the demand in
this scenario. Of course, the renewable power will not line up with the demand, so the storage of
hydrogen must be considered to avoid curtailed power. The year 2016 was chosen since it has the
highest amount of renewables installed in CA and can represent an entire year.

𝑬𝒏𝒆𝒓𝒈𝒚𝒅𝒆𝒎𝒂𝒏𝒅 = ∫ 𝑷𝒐𝒘𝒆𝒓𝒅𝒆𝒎𝒂𝒏𝒅 𝒅𝒕

[51]

𝐸𝑛𝑒𝑟𝑔𝑦𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 = ∫ 𝑃𝑜𝑤𝑒𝑟𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝑑𝑡

[52]

𝑠𝑐𝑎𝑙𝑒 × (𝐸𝑛𝑒𝑟𝑔𝑦𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 )
𝐸𝑛𝑒𝑟𝑔𝑦𝑑𝑒𝑚𝑎𝑛𝑑

[53]

𝑒𝑟𝑟𝑜𝑟 = 1 −

The energy storage model used was developed by Maton et al. which simulates a pressurized
cylindrical volume that accounts for compressor work for injecting hydrogen into the tank and an
expander for recuperating some of the compression work when the hydrogen is dispatched [151].
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Figure 73. Schematic of compressed hydrogen energy storage system [151]

9.2 Results
9.2.1 Annual HES Results
When renewable power exceeds the grid demand, then hydrogen is generated using an SOEC,
when grid demand is greater than renewable power, hydrogen is consumed from the storage using
an SOFC, the SOEC and SOFC operation can both be supplied by a single RSOFC system. When
the demand equals the power, then the storage remains untouched to allow for renewable power
to be used first by the load, then for storage in order to most effectively utilize the renewable
power. The scaling factor needed for the renewable power to meet the demand was 11.16. In other
words, to simply meet the energy demand of California for 2016 with primarily solar PV, the
amount of PV installed must be increased by a factor of 11.16 which results in a maximum
renewable power output of 89.2 GW. Due to the maximum capacity of the hydrogen storage
available, this may not be enough.
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Figure 74 presents the emptying and filling of the HES throughout 2016 with scaled solar and
existing wind. The arrows are labelled with an additional scaling factor used on top of the 11.16
factor. For example, the curve with a factor of 1.0 presents the results of the system with the
original scaling factor of 11.16 whereas the curve associated with 2.0 has a total scaling factor of
11.16 × 2.0 = 22.32. In this case, the tank was initially full at the beginning of the year. Since
the grid demand was generally greater than the available renewable power, hydrogen was
consumed from the tank consistently starting from January all through March where a slight bump
in renewable output is observed. Daily variations are observed due to the high penetration of solar
and its associated diurnal pattern.

Figure 74. Annual HES capacity for various scaling factors ranging from 0.9 to 2.0 times the
original scaling factor of 11.16 starting at full capacity
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For scaling factors less than 1.6, the tank begins to consistently fill up starting in mid-April
and then in November, the tank begins to deplete again. Scenarios with a scaling factor greater
than 1.6 begin to fill up in February and the HES reaches capacity early in the year, but hydrogen
is still consumed beginning in November for each case. Scenarios with scaling factors less than
1.3 show a complete depletion of the HES as early as March until a slight recharge in mid-July.
The optimal scaling factor will meet the following criteria: be able to store as much otherwise
curtailed renewable power as hydrogen as possible, allows for the HES to always be in use (not
completely depleted or completely charged), and the fill level at the end of the year is the same as
the fill level at the beginning of the year.
For the above criterion, higher scaling factors (1.4 – 2.0) result in the HES filling more quickly
and thus becoming incapable of storing otherwise curtailed energy, but the fill level at the end of
the year is closer to the starting fill level. The low scaling factors (0.9 – 1.2) exhibit early depletion
and low fill levels at the end of the year. The 1.3 scenario is neither depleted nor fully filled, but
the end-of-the-year fill level is relatively low. The greatest promise may lie with a scaling factor
between 1.3 and 1.5. The following scenario considers only scale factors 1.3, 1.34, 1.4, and 1.5,
but the tank is started at half capacity. It appears that a scaling factor of 1.34 results in the most
favorable HES utilization under these conditions due to the relatively short time that it is at full
capacity and that the fill level at the end of the year is close to the initial fill level.
The simulation starting from halfway shows that only the 1.5 scale factor case does not get
depleted in the early months of the year shown in Figure 75. Of course, any additional solar PV
installed for purposes of capturing otherwise renewable curtailed power will add to the overall cost
of the HES system. Since the 1.34 scale factor does not overfill and the fill level at the end of the
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year is close to the initial fill level, that scale factor will be used for the rest of the analysis in this
chapter.

Figure 75. Annual HES capacity for various scaling factors ranging from 1.3, 1.34, 1.4, and
1.5 times the original scaling factor of 11.16 starting at half capacity
For the original scaling factor of 11.16, the total solar PV installed capacity was 89.2 GW, with
the additional scaling factor of 1.34, this installed solar PV capacity increases to 119.5 GW.
9.2.2 Weekly and Daily HES Results
As briefly discussed, the individual HES facilities are filled and discharged in the order of
smallest to largest depending upon the amount of hydrogen storage needed at a given time. For
example, since Aliso Canyon has the greatest capacity, it is the last facility to be filled up while
the HES is being charged just after the McDonald Island facility. Figure 76 presents the HES
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storage response to the power mismatch between the renewable and the demand. The day presented
is Monday, April 11, 2016 which is representative of a typical weekday in 2016 in California with
the renewable power scaled up to 119.5 GW. Namely, the grid demand is greater than the
renewable output in the morning and evening hours, but as the sun comes up, the renewable output
dominates. The difference between the two is presented in the bold red line and the HES capacity
is in the bold blue line matching the left axis. A physical RSOFC model is not included in this
simulation, so the dynamics of RSOFC are not present herein. Therefore, these plots do not account
for the thermal response of an RSOFC which would affect the hydrogen profile on the order of
hours. Regardless, the change is relatively small over those hours and, given the size of the system,
the difference may be negligible.
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Figure 76. Grid demand, renewable power, curtailed power, and HES capacity plotted for
April 11, 2016
A typical week in which the HES is being charged or discharged is presented in Figure 77
below where the amount of hydrogen stored in the HES is presented with respect to the left axis
and the corresponding pressure of the active storage facility is presented on the right axis. The
effect of the solar PV is evident on the variation of the number of moles stored within the HES.
Since the relationship between the amount of hydrogen and the pressure is based upon an ideal gas
assumption for the hydrogen, there is only a proportional variation between the amount of
hydrogen and the pressure. As renewable power generated is greater than the grid power demand,
the amount of hydrogen increases inside the tank and it decreases when the grid demand is greater
than renewable power generation. In other words, when there is more renewable power present,

145

the RSOFC system is operated in electrolysis mode and hydrogen is injected into the HES. When
there is greater grid demand than renewable power, hydrogen is consumed from the HES in an
RSOFC operated as a fuel cell.

Figure 77. Typical charge and discharge of hydrogen and pressure in the HES over a
number of days in the Fall and Summer seasons
Figure 78 below presents the grid demand and the renewable power as well as the HES
hydrogen capacity for a given week. The two bolded lines represent the cumulative effect of the
interplay between the renewable power and the grid demand. Any curtailed power above 0 results
in hydrogen transmitted to the HES and any curtailed power below 0 results in hydrogen
discharged from the HES. As the curtailed power crosses the 0 line, the slope of the hydrogen
capacity changes sign, an expected result. The hydrogen consistently climbs up because there is
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consistently a positive curtailed power resulting in a net increase in hydrogen over the week.
During a winter month, the opposite holds as is evident in Figure 79 even though the peak positive
curtailed power is greater than the negative, grid demand is greater than renewable power for a
longer period over the course of the week resulting in a net discharge of the HES.

Figure 78. Grid demand, renewable power, curtailed power, and HES capacity plotted for a
week in the summer
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Figure 79. Grid demand, renewable power, curtailed power, and HES capacity plotted for a
week in the winter
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Figure 80. Weekly charge and discharge of the HES when switching from Aliso Canyon to
McDonald Island storage facilities
Figure 80 shows the diurnal response of the total stored hydrogen and tank pressure in early
December 2016 as a result of the high percentage of solar power capacity. However, since during
this time of year the trend suggests that there is greater demand than renewable power, the HES is
being depleted in order to meet the grid demand. As such, the Aliso Canyon facility reaches its
minimum capacity with respect to the amount of hydrogen capable of being stored and the switch
to McDonald Island becomes apparent on the morning of December 7, 2016. The pressure sharply
increases at this point suggesting that the McDonald Island facility is at full capacity, and thus,
maximum pressure. It then begins to discharge and the corresponding facility pressure decreases
as well as the total hydrogen stored in the HES system.
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9.2.3 Discussion
Existing natural gas storage facilities may be converted to hydrogen storage facilities that can
be used to store otherwise curtailed renewable energy through hydrogen electrolysis by RSOFC
systems which can also dispatch the hydrogen back to the grid as power. The renewable power
was scaled up to match the energy demand of the California grid and any excess power generated
by the renewables was converted to hydrogen and stored in the HES system. When there was
excess demand, hydrogen was discharged from the HES and converted to power to supply to the
grid. A scaling factor of 14.95 was selected for the simulation which resulted in a total of 119.5
GW of combined solar and wind (the bulk made up of solar). Near the end of summer, such a
scenario would result in the HES reaching its maximum capacity according to 2016 data from
CAISO if the HES started at full capacity on January 1, 2016. If the HES started at half capacity,
it would be depleted in the early part of the year, but would otherwise be able to service the
California grid for the entire year and end at a similar level.
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Chapter 10:

Summary and Conclusions

10.1 Summary
High temperature electrochemical cells can be used for not only distributed power generation
or distributed hydrogen generation, they can also be used to provide an efficient way of
accommodating increased renewables incorporated onto the electric grid. Molten carbonate and
solid oxide electrochemical cells are considered in this work with a system focus on the solid oxide
technology. A reversible solid oxide fuel cell system which is capable of generating electricity or
hydrogen via electrolysis depending on the time-of-use needs was modeled physically using
MATLAB Simulink which incorporated a quasi-three-dimensional stack, heat exchangers,
blowers, valves, mixing volumes, and controllers. The RSOFC stack model is spatially and
temporally resolved allowing for dynamic modeling under different perturbations. The transition
between electrolysis mode and fuel cell mode was achieved by starting either from FC mode or
EC mode, and ramping the current down to near 0. The final state of the system was saved and
used as the initial condition for the other system. This strategy was used to understand the
challenges associated with the thermal management of a system which exhibits both exothermic
and endothermic modes of operation. The stack model was verified using data taken
experimentally from a short stack made available by SOLIDPower.
Several system configurations were considered, each of which used different methods of
external heat addition to the stack in order to maintain operating temperatures. A thermally selfsustaining system requires either electrical heater or combustor heat input by raising the
temperature of the inlet gases to a given set point (Figure 20 and Figure 37) . Bypass valves which
supply cold fuel or steam were used to assure that the temperature did not go above the set point.
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External heat addition from a thermal heat transfer fluid was also modeled in two separate
configurations which assumed the heat came from concentrated solar power or from a nuclear
reactor (Figure 6 and Figure 48). In these scenarios, a molten salt known as FliBe (Li2BeF4) was
chosen as the thermal heat transfer fluid which can be raised to a temperature of 1023 K using
commercially available equipment.
A molten carbonate reformer-electrolyzer-purifier stack was modeled and verified using data
from an MCEC stack. FuelCell Energy operated the stack and showed that it is capable of
simultaneously reforming methane, electrolyzing water, and purifying the steam-methanereformate mixture using power from the grid or from a renewable source.
In order to understand the potential impact that RSOFC systems can have on the California
grid, the existing natural gas bulk storage infrastructure was modeled to assume that it could store
hydrogen generated by RSOFC operating in electrolysis mode and generate power from the stored
hydrogen in fuel cell mode. The otherwise curtailed power was used as the input to the RSOFC
electrolyzer mode and any deficiency of renewable power was met by fuel cell operation of the
RSOFC. These cases were modeled assuming a future grid that had more than enough solar PV
and wind to meet the annual energy demand of the California grid as reported by CAISO.

10.2 Conclusions
10.2.1 Thermally Self-Sustaining RSOFC System
The resistive heater supported RSOFC system offers a balance of plant that is similar to typical
SOFC systems that includes two heat exchangers and a blower for cooling as needed. Recirculation
and mixing are utilized in order to recover as much heat as possible in order to keep the heater load
to a minimum. As a result, the heater load compared to the overall stack input to the system is low,
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even for a relatively low steam utilization at sub-thermoneutral voltage operation. The net result
is a relatively efficient hydrogen generator and power generator with a round-trip stack efficiency
of 48.7% and a round-trip system efficiency of 35% for a stack designed to operate at high current
density. Since the heaters are located just prior to the stack, the inlet temperatures respond much
better to control inputs, so the thermal management responds much quicker than if the heaters were
situated upstream of the heat exchangers, for example. For an RSOFC stack designed to have 100
kW input in EC mode, 48.8 kW can be output in FC mode. The RSOFC supported by a combustor
presented a challenge with respect to thermal management due to the placement of the combustor
upstream of the preheaters for the fuel and air. As a result, inefficiencies from those heat
exchangers required more inlet fuel for the combustor, thus reducing the overall system efficiency.
Furthermore, in order to better recuperate heat generated within the stack and the latent heat
remaining in the gases, two heat exchangers per fluid were needed along with two mixing volumes.
This configuration introduces further complications and cost to the system and causes the system
to become more difficult to thermally manage. The temperature controllers also do not respond as
well as they do for the resistive heater case. The round-trip stack efficiency for this configuration
was 40.8% as calculated by equation 39 and the round-trip system efficiency was 24% which is
significantly lower than the resistive heater case. The stack efficiency is lower because a higher
steam utilization was needed for the SOEC operation in an attempt to minimize combustor fuel for
preheating the steam which resulted in a deleterious effect on the stack efficiency. Again, the stack
in EC mode was designed for 100 kW power input, but at the lower utilization it outputs 40.9 kW
in FC mode.

153

10.2.2 Renewably Integrated SOEC
A spatially and temporally resolved solid oxide electrolysis cell model was developed and used
in a dynamic SOEC system model which included necessary heat exchangers, blowers, and mixing
for operation below the system thermoneutral voltage. The system also included additional heat
input from a simulated concentrated solar dish using molten salt as the thermal heat transfer fluid.
Spatial results of temperature, current density, thermoneutral voltage, hydrogen, and steam
concentrations were presented. At a salt inlet temperature of 1023 K, a steam utilization of 0.18,
and a current density of 150 mA/cm2, the model predicted sub-thermoneutral voltage operating
conditions with little temperature gradients across the stack which had little effect on the spatial
distribution of the thermoneutral voltage. The power input was perturbed as well as the salt flow
in order to understand the dynamic response of the system, namely through efficiency, voltage,
current, and hydrogen generation with solar heat input. Diurnal dynamics of both salt and power
input were studied using the model. We showed that an SOEC system could conceivably operate
below the thermoneutral voltage with an external heat source of sufficient quality. A 4% increase
in hydrogen production as well as hydrogen generation efficiency was calculated for the diurnal
salt perturbation only. The system generated 52 kg of hydrogen in a given day under both solar
power and thermal input. Increased heat input to the system, while maintaining the steam inlet
temperature, has the effect of decreasing the cell voltage and increasing the hydrogen generation
for the same amount of power input. A system designed to consistently operate below
thermoneutral voltage is probably undersized and would make a good candidate for absorbing
otherwise curtailed renewable power, or providing load balancing to a microgrid or utility. Stack
hydrogen generation efficiency reached 1.12 at a cell voltage of 1.285 V and generated 0.876 g/s
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of hydrogen. A diurnal power and salt profile resulted in 52.4 kg of hydrogen generated for a 100
kW system.
10.2.3 Nuclear Integrated RSOFC
A spatially and temporally resolved physical model of an SOEC system with external heat
addition supplied by a nuclear reactor which uses molten salt as the coolant was developed in
MATLAB Simulink which was verified using experimental data from an SOEC short stack. The
model was operated under various steady-state conditions in order to determine the highest
efficiency operating point for hydrogen generation. At a salt inlet temperature of 1023 K, a steam
utilization of 0.18, and a current density of 150 mA/cm2, the model predicted sub-thermoneutral
voltage operating conditions with little temperature gradients across the stack which had little
effect on the spatial distribution of the thermoneutral voltage. Full power input resulted in a
hydrogen generation rate of 2.94 kg/s. Dynamic operation of the system was modeled which
showed a slow thermal response of the system, but a fast electrochemical response and allowed
for the power generation plant to turn down to 30% of its rated output. A daily dynamic profile
operated over the course of seven days presented no steady-state characteristics, but the system
remained stable throughout. Two different control strategies for the steam flow were used, but
neither resulted in a significant advantage or disadvantage over the other. The daily operation of
the stack resulted in hydrogen generation efficiency between 97.8% and 98.4% with respect to the
stack. The temperature rise across the inlet and outlet of the stack remained below 100 K, however
the stack experienced an average temperature change between 815 K and 970 K on a daily basis
for fixed utilization and 860 K and 960 K for fixed steam inlet temperature.
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10.2.4 MCEC Reformer-Electrolyzer-Purifer
A spatially and temporally resolved thermodynamic MCEC model was developed in order to
predict the behavior of an MCEC-REP cell for the purposes of simultaneously reforming methane
and electrolyzing water to produce a high purity stream of hydrogen by pumping CO2 from the
fuel channel to the oxygen channel. The stack model is capable of predicting the temperature
distribution of the cell as shown by a comparison with experimental temperature data.
Furthermore, spatial resolution of current density and species concentrations were presented which
illustrate the balance between electrolysis and reformation within the MCEC-REP cell. The model
was verified against FCE experimental data and showed that at 1.2 V and 130 mA/cm2, the cell is
capable of producing at least 96% pure hydrogen on a dry-basis compared to 98% pure hydrogen
measured from the experiment. The short stack experiment was capable of producing 100
kilograms of hydrogen a day whereas a 1.4 MW commercial scale system may produce up to 2300
kilograms of hydrogen per day at high purity.
10.2.5 Grid-Scale Hydrogen Energy Storage
Existing natural gas storage facilities may be converted to hydrogen storage facilities that can
be used to store otherwise curtailed renewable energy through hydrogen electrolysis by RSOFC
systems which can also dispatch the hydrogen back to the grid as power. The renewable power
was scaled up to match the energy demand of the California grid and any excess power generated
by the renewables was converted to hydrogen and stored in the HES system. When there was
excess demand, hydrogen was discharged from the HES and converted to power to supply to the
grid. A scaling factor of 14.95 was selected for the simulation which resulted in a total of 119.5
GW of combined solar and wind (the bulk made up of solar). Near the end of summer, such a
scenario would result in the HES reaching its maximum capacity according to 2016 data from
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CAISO if the HES started at full capacity on January 1, 2016. If the HES started at half capacity,
it would be depleted in the early part of the year, but would otherwise be able to service the
California grid for the entire year and end at a similar level.
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