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ABSTRACT

Electrical energy storage is projected to be a critical component of the future world

energy system, performing load-leveling operations to enable increased penetration of re-

newable and distributed generation. Reversible solid oxide cell (ReSOC) technology has the

potential to play a major role in stationary electrical energy storage markets. ReSOCs oper-

ate in two distinct modes: fuel producing (electrolysis mode) and power producing (fuel cell

mode). A stand-alone energy storage system is realized from this technology by coupling

the two operating modes with intermediate storage of reactant and product species. In this

dissertation, ReSOC energy storage systems are designed and analyzed with computational

modeling to establish suitable system configurations and operating conditions that achieve

high roundtrip efficiency.

A critical feature of the ReSOC system that enables high roundtrip efficiency is that the

ReSOC is operated at conditions where methane is generated in electrolysis mode to offset

the typically endothermic conversion process. Methanation is promoted by low temperature

and high pressure conditions, meaning that intermediate-temperature ReSOCs (<700° C)

are important to achieving high system performance. Doped lanthanum gallate (LSGM)-

electrolyte ReSOC characteristics are leveraged in this study.

The results include thermodynamic analysis of ReSOC systems, physically-based cali-

brated modeling of intermediate temperature ReSOCs, steady-state system simulation at

distributed (100 kW) and bulk (>10 MW) scales, and bottom-up system costing. System

modeling results suggest that dc roundtrip energy storage efficiency of 65-74% are achieved

for a 100 kW system. Maximum efficiency is achieved when the tanked species are main-

tained in the vapor phase to mitigate the energetic requirement of steam generation; al-

though the energy density suffers within this configuration. The bulk scale system achieves

74% roundtrip efficiency at optimal stack operating conditions of 680° C, 20 bar, and 70%
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fuel utilization. Economic calculations estimate bulk-scale (250 MW / 500 GWh) storage

cost of 1.7 /c/kWh based on the system capital cost. This storage cost is lower than com-

pressed air and battery technologies and comparable to pumped hydro, but improvements in

cell technology and additional system simulation and hardware selection must be addressed

before commercialization.
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CHAPTER 1

INTRODUCTION

Large-scale energy storage development is envisioned as a key requirement in being able

to both increase the flexibility of and modernize the electric grid by temporally decoupling

energy production and consumption. Electrical energy storage (EES) is expected to play

a critical role in the development of advanced grid-energy management systems including

large-scale penetration of intermittent renewable resources, such as wind and solar [1–7]. A

reversible solid oxide cell (ReSOC) is a scalable electrochemical conversion device capable

of meeting future EES demands. A ReSOC is physically similar to, and benefits from

previous development of, both solid oxide fuel cells (SOFC) and solid oxide electrolysis cells

(SOEC) which employ similar electrode-electrolyte material sets and operating condition

ranges. However, unique implementation and operational challenges exist for ReSOC systems

that require independent consideration.

Realizing the potential of ReSOCs for electrical energy storage requires research and

development at both the cell and system levels. This dissertation details the design and

analysis of energy storage systems utilizing ReSOCs. It will address system design decisions

related to configuration, operating conditions, and application scale through system and Re-

SOC cell-stack modeling validated by experimental performance results. This introductory

chapter explains the motivation for the research, describes how ReSOCs are envisioned to

operate as energy storage devices, and states the overall research objectives.

1.1 Motivations

The motivation for this research can be summarized by the following statements: (1)

the market opportunity for EES is unfulfilled by current commercial technologies, (2) Re-

SOCs have the potential to provide cost effective and scalable energy storage, (3) several

of the technical advancements in SOFC technology uniquely benefit ReSOC energy storage
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systems, for example lowering the operating temperature, and (4) the characteristics and

design of novel ReSOC systems require individual consideration separate from SOFC and

SOEC systems which has not been addressed in the present literature.

1.1.1 The benefits and applications for electrical energy storage

A variety of centralized- and distributed-scale applications are projected to benefit from

electrical energy storage. These applications are generally categorized as either energy man-

agement applications, which have a high energy-to-power capacity ratio, or power manage-

ment applications, which have a low energy-to-power capacity ratio. Energy management

applications require long-duration, high efficiency, and low cost energy storage, and include

energy arbitrage, transmission and distribution upgrade deferral, and end user benefits, such

as peak shaving. Alternatively, power management applications require fast dynamics and

high reliability, and include voltage and frequency regulation and end-user power quality

management. Each specific energy storage application has unique design specifications de-

pending on the operating requirements and economic benefit [1, 8–10]. A ReSOC energy

storage system is well suited for energy management applications because such a system can

operate over a wide range of energy-to-power ratios by sizing the energy and power ratings

independently and is expected to have high energy storage efficiency and energy capacity

suitable for storage duration on the order of hours to days.

Efforts to developing efficient and inexpensive energy storage technologies have seen a

recent resurgence due to increased penetration of renewable energy resources and public re-

newables portfolio standards at the state ( e.g., California [11]; Colorado [12]) and national

levels (German Renewable Energy Act, 2010; Denmark [13]; European Union [14]). Fluctu-

ating power generation from wind and solar energy sources can be stabilized by use of energy

storage devices. Figure 1.1 demonstrates the variability of wind-based power generation and

the capability of electricity storage to control power output to the grid. In this example, and

arbitrary energy storage system is charged during times of excess generation and discharged

when demand for electricity is high.
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Figure 1.1: Variability of a renewable wind resource and the capability of energy storage to
stabilize the power output [8].

Various energy storage technologies are represented in Figure 1.2 and categorized based

on their respective power or energy management capabilities. Technologies that are currently

advancing toward meeting the technical requirements for energy management applications

include compressed air energy storage (CAES), pumped hydro storage (PHS), conventional

batteries (e.g., lead-acid, nickel-cadmium), advanced batteries (e.g., lithium ion, sodium-

beta alumina, redox flow batteries), and energy management flywheels. However, these

technologies face unique development challenges such that the requirements for highly ef-

ficient, durable, and cost-effective EES have not yet been met [6, 9, 10]. For example,

PHS presently accounts for 95% of worldwide electrical energy storage, but requires a ge-

ographically suitable site to be implemented effectively. Furthermore, because a range of

applications, and thus operating requirements, are expected from EES devices, a portfolio

of technology solutions will be beneficial [1, 6–8, 15–18].

Assessing the technical and economic design requirements for energy storage systems

is an area of active research [1, 6, 8, 9]. The relevant performance metrics for stationary
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Figure 1.2: Different energy storage technologies and their respective power and energy
capacities [19].

energy storage include roundtrip efficiency, energy density, capital cost, and levelized cost.

However, estimating the performance required for economically feasible implementation of an

EES technology is complicated because many of the projected energy storage applications are

not presently being practiced, such as those associated with highly intermittent renewables

penetration and micro-grids. Furthermore, energy storage devices will often be capable of

fulfilling multiple energy storage applications simultaneously such that the economic benefits

may “stack”. This dissertation uses recently published targets from the U.S. Department

of Energy (DOE) as performance targets including short-term goals of 75% efficiency, 250

$/kWh capital cost, and 20 /c/kWh-cycle levelized cost, and long-term goals of 80% efficiency,

150 $/kWh capital cost, and 10 /c/kWh-cycle levelized cost [1]. The modeling results and

analysis presented through this dissertation will help establish whether ReSOC technology

is capable of meeting these goals.
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1.1.2 Solid oxide cells: Continued progress and present state of technology

The market opportunity for novel energy storage solutions, such as using reversible solid

oxide cells, exists because present technologies have not been able to meet the requirements

for grid-energy storage applications; however, fuel cell technologies have historically been

slow to gain market share for commercial application. A fuel cell is a solid-state electro-

chemical conversion devices that produces electrical power directly from the chemical energy

stored in fuel species (e.g., hydrogen, syngas, natural gas, fuel reformate, carbon, gasified

coal). The benefits of fuel cells over conventional combustion based power generation include

significantly higher thermal efficiencies, lower emissions, fuel flexibility, and scalability. These

benefits have ultimately not been realized because of problems in durability over extended

operating periods, high production costs, and costly balance of plant (BOP) required for fuel

processing and thermal management. These problems are not insurmountable and fuel cells

are continually advancing with low temperature proton exchange membrane (PEM) fuel cells

[20–24] and high temperature solid oxide fuel cells [25–27] receiving the most academic and

commercial focus.

An electrolysis cell performs the opposite function of a fuel cell by electrochemically

producing fuel from an oxidized feedstock (e.g., H2O, CO2) and electricity [28]. Electrolysis

cells are physically and operationally similar to fuel cells, although they are operated with

opposite electrode polarity. Efficiently producing hydrogen from renewable sources is an

important step toward decarbonizing the world energy system and electrolysis technologies

such as electrolysis cells will contribute to this effort. Because of their potential as an

integral part of the future energy system, solid oxide [29–32], alkaline [33–35], and PEM

electrolysis cells [36, 37] are currently being pursued. Alkaline and PEM electrolysis are

presently commercial technologies [38–41], although hydrogen production by this method is

costly compared with steam reforming of natural gas which accounts for 95% of worldwide

hydrogen production [42]. Many of the commercialization challenges experienced by SOFCs

are also barriers to commercialization of SOECs, however the electrolysis cells are less mature
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and face additional durability challenges including delamination at the anode-electrolyte

interface [43–45]. High temperature electrolysis is considered a promising alternative to the

more mature low-temperature processes, particularly because of the possibility to supply a

portion of the energy requirement from high grade thermal energy available from nuclear

[32] or solar sources [46, 47].

In addition to advancement of SOFC and SOEC technologies toward widespread com-

mercialization, some research effort has been dedicated to developing reversible solid oxide

cells that can operate cyclically as either a fuel cell or an electrolyzer [48–51]. Because of

the physical similarity between the devices, ReSOCs benefit from improvement and cost

reduction of SOFCs which makes ReSOC systems practical in the near future. Many of the

strategies to reduce cost and improve performance of SOFC and SOEC devices are uniquely

suited to benefit ReSOC energy storage systems. For example, one advantage of ReSOCs

over other fuel cell technologies is the ability to use various reactant compositions such as

natural gas or fuel reformate in SOFCs (i.e., internal reforming) and simultaneous reduction

of H2O and CO2 to produce syngas in SOECs (i.e., co-electrolysis). This “fuel-flexibility”

increases the utility of these devices within the present energy infrastructure and has the

additional benefit of increasing the energy density of an energy storage application by storing

a synthetic hydrocarbon mixture rather than hydrogen.

Intermediate temperature SOFC operation (i.e., <800°C) has been a long sought solution

to increase efficiency, increase durability, and reduce costs of balance of plant components,

stack interconnects, and sealing materials [25, 52]. The difficulty in reducing the operat-

ing temperature of ReSOCs is in finding stable electrolyte materials with high oxygen ion

conductivity at reduced temperature and electrode catalysts with high activity. These prob-

lems have been addressed by implementing alternative electrolyte materials operating in

the temperature range of 500-650°C. Such intermediate-temperature ionic conductors were

reviewed by Goodenough [53] including stabilized zirconia, doped ceria, stabilized δ-Bi2O3,

pyrochlores, and doped lanthanum gallate. Alternative manufacturing methods such as inter-
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mediate temperature catalyst impregnation help reduce performance losses associated with

reaction kinetics [54]. Pressurized SOFC and SOEC operation has also been explored as

a way to increase electrochemical efficiency and system efficiency through synergistic com-

binations with other processes (e.g., SOFC-gas turbine or SOEC-Fischer Tropsch) [55–59].

Both low temperature and high pressure ReSOC operation are instrumental to the inte-

grated system thermal management strategy of the energy storage systems explored in the

present work. This approach relies on exothermic methanation during electrolysis operation,

which is thermodynamically favored at high pressure and low temperature. This thermal

management strategy is explained further in Section 1.3 and detailed in Chapter 2.

Reversible solid oxide cell design and operation is uniquely challenging because of the

need to operate in both fuel cell and electrolyzer modes, including durability issues associated

with galvanic cycling and selecting electrode materials that are stable in both oxidizing

and reducing environments [50, 51, 60]. However, the performance improvement and cost

reduction of SOFC, SOEC, and ReSOC technology are leading to increased likelihood of

implementing ReSOC energy storage systems in the near future which makes the proposed

system design and analysis research highly relevant.

1.1.3 Advancing from a promising technology to a practical energy storage
system

The general idea of using ReSOCs for energy storage has been suggested in published

literature as early as 1987 [61], although the present research is motivated by the scarcity

of publications on specific implementations of such systems. The few studies that have ad-

dressed system-level considerations are reviewed in Chapter 3. A ReSOC system will draw

heavily from the developments of SOFC and SOEC systems; however, such a system should

perform both power production and fuel production functions using the same physical com-

ponents — in the same way that a heat pump / air conditioning system performs both heating

and cooling functions. Thus, ReSOC system design requires independent consideration with

regard to system configuration and operating conditions.
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Academic and industrial research and development has led to established system configu-

rations and operating strategies for both SOFC power systems and gas turbine SOFC hybrid

systems, which establish the current state-of-the-art performance and focus research objec-

tives to advance these systems toward widespread commercialization [58, 62–65]. Similarly,

SOEC system design for non-fossil production of hydrogen, syngas, and hydrocarbon based

products has been considered [55, 66, 67], although to a lesser extent than SOFC systems.

This research will contribute to the limited, but expanding, body of work addressing the

design and analysis of ReSOC systems for energy storage applications.

1.1.4 Informing materials development and cell performance targets

A final motivation for this research is to integrate ReSOC energy storage system de-

sign with cell-stack materials development. Materials development is a critical component

of realizing ReSOC energy storage systems. In particular, ReSOCs must perform galvanic

cycling not required by SOFC and SOEC applications. Furthermore, the efficiency of the

system implementation considered in this work is shown to be highly dependent upon ReSOC

operating conditions—notably temperature, pressure, and reactant composition. Thus, inte-

grating system design with materials development enables iterative and collaborative design

to target operating ranges that suit both system and stack performance.

The lofty efficiency and cost targets for energy storage systems also suggest that cost

reduction in ReSOCs may be required to achieve high efficiency at suitable stack power

densities. System techno-economic analysis can inform the cell performance and cost goals

while accounting for the effects of system operation. In other words, early-stage system

analysis can help predict what portion of system cost can be attributed to the ReSOC

stack. Taken further, the system analysis can determine what cell performance is required

for competitive implementation of ReSOC systems. This work includes models calibrated to

represent present cell performance as well as models to represent improved cells.
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1.2 Introduction to reversible solid oxide cells

A reversible solid oxide cell is a solid-state, ceramic-based, electrochemical device that

is physically similar to solid oxide fuel cells and solid oxide electrolysis cells, but differs

in that it can operate in both current directions. ReSOCs have also been referred to as

regenerative solid oxide fuel cells or solid oxide regenerative fuel cells. High temperatures

(500-1000°C) are required for efficient ReSOC operation to allow mobility of oxygen ions in

the solid electrolyte. Depending on the cell polarity, the ReSOC can operate either as a fuel

cell (SOFC mode) to electrochemically oxidize fuel species and generate electricity, or as an

electrolysis cell (SOEC mode) to electrochemically reduce reactant species while consuming

electrical energy. The two modes of operation are depicted in Figure 1.3. The membrane

electrode assembly (MEA), is a laminated ceramic and metal structure composed of a porous

fuel electrode (anode in SOFC mode, cathode in SOEC mode), a thin solid electrolyte, and

a porous oxygen electrode (cathode in SOFC mode, anode in SOEC mode). A variety of

material sets have been considered for each of the layers of the MEA with the most common

being a nickel-yttria stabilized zirconia (YSZ) cermet fuel electrode, YSZ electrolyte, and

lanthanum strontium manganite (LSM) oxygen electrode. However, this conventional mate-

rial set is limited to high operating temperatures >750°C [68–70]. This dissertation focuses

on intermediate temperature ReSOC material sets based on strontium- and magnesium-

doped lanthanum gallate (LSGM)-electrolytes which achieve high performance at reduced

operating temperature (< 650°C) [71–74].

During operation, reactant species flow through the fuel channel adjacent to the fuel

electrode (see Figure 1.3). In SOFC mode, these reactant species can include hydrogen,

syngas (i.e., H2 + CO), natural gas (reformed or not), or reformate from other gaseous,

liquid, or solid fuels. In SOEC mode the reactant species are H2O and/or CO2. If steam is

the lone reactant, the process is typically referred to as electrolysis, while co-electrolysis refers

to simultaneous reduction of H2O and CO2 to produce syngas. The oxygen electrode requires

an oxygen supply during SOFC mode operation to act as a reactant in the electrochemical
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Figure 1.3: Channel level schematic of a reversible solid oxide cell operating in either power-
producing fuel cell or fuel-producing electrolysis mode. Figure supplied courtesy of Dr.
Robert Kee.

conversion. The oxygen is typically supplied as either air or oxygen. In SOEC operation,

oxygen is produced at the oxygen electrode and an efficiency benefit is achieved by flowing air,

or a different sweep gas, through the oxygen channel to improve transport of the produced

oxygen away from the reaction site.

A single ReSOC typically operates between 0.5 and 2.0 V and cell stacking is required to

achieve useful voltage output from the device. Cell stacking introduces the need for electron-

ically conductive interconnect materials and sealing to prevent gas-crossover or leaking from

the stack. For high temperature devices, cell stacking is further complicated because of the

potentially varying thermal expansion behavior of the various materials used to construct the

ReSOC stack. Because of the structural integrity of ReSOCs, several geometric cell configu-

rations are possible including planar, tubular, and segmented-in-series [75]. Planar ReSOCs

benefit from improved power density, while tubular and segmented in series configurations

can simplify challenges associated with sealing.
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The electrochemical oxidation reactions occurring during SOFC operation are exothermic

such that excess cooling airflow is typically provided to the stack to remove excess heat. In-

ternal reforming reactions can also act as a thermal energy sink. Alternatively, the reduction

reactions in SOEC mode are endothermic and maintaining the cell operating temperature

requires additional heat, typically either from an external source or by operating the cell

less efficiently such that waste-heat generation overcomes the thermal energy deficit. The

difference in thermal behavior in each operating mode presents a significant challenge in

system design of an integrated ReSOC system. In an effort to improve system efficiency, a

thermal management strategy is used in this work which involves selecting the ReSOC stack

operating conditions (temperature, pressure, reactant composition) to promote the exother-

mic methanation reaction in the ReSOC stack. By promoting exothermic methanation,

the SOEC mode stack can operate more efficiently and still maintain the high temperature

required for effective electrochemical conversion.

Many of the unique characteristics of ReSOCs that distinguish them from other types of

electrochemical cells result from the high operating temperature. Some of the advantages of

high temperature include: (1) ability to use carbonaceous reactants without risk of CO cat-

alyst poisoning, (2) precious metal catalysts are not required for the oxidation or reduction

reactions, (3) even without precious metal catalysts the activation losses are relatively small

which is particularly important for reversible energy storage applications, and (4) high sys-

tem efficiencies are possible for combined heat and power generation (CHP). There are also

several disadvantages of high temperature operation including: (1) material durability issues

with thermal expansion compatibility and durability in an extreme operating environment,

(2) expensive balance of plant components to handle high temperature gas processing, and

(3) high temperature heat must be provided to a solid-oxide electrolyzer to allow higher effi-

ciency. As noted in the motivation section, intermediate temperature (500-750°C) operation

eliminates many of the disadvantages, while retaining the advantages. Extensive discussion

of the operating characteristics of ReSOCs is given in Chapter 2.
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1.3 Using reversible solid oxide cells for energy storage

As explained in the previous section, reversible solid oxide cells can operate cyclically as

either a fuel cell or an electrolysis cell. An electrical energy storage system is realized from

this technology by coupling the two modes of operation with intermediate storage of “fuel”

and “exhaust” species. This device has also been referred to as a“Solid Oxide Flow Battery”

because it shares the advantage of redox flow batteries of independently sizing power and

energy capacity by the size of the electrochemical conversion device (e.g., ReSOC stack) and

storage tank volume, respectively.
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Figure 1.4: Simple reversible solid oxide cell system schematic showing operation in both
modes with storage tanks and BOP components.

Figure 1.4 shows a simplified schematic of the proposed energy storage system. The

energy storage device is charged by operating the ReSOC stack as an electrolyzer (SOEC

mode). In this mode reactant species are delivered to the stack from the exhaust storage

tank where they are electrochemically reduced to form fuel species (i.e., H2, CO, CH4)
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with a supply of electricity from a renewable source, for example. The produced fuel is

compressed and stored in a fuel tank for later use. In SOFC mode, the device is discharged

as fuel species are delivered to the stack from the fuel tank where they are electrochemically

oxidized to generate electrical power. The exhaust species, which are primarily H2O and

CO2 with some unspent fuel, are compressed and stored in the pressurized exhaust tank.

Air flow is delivered to the ReSOC stack in both modes of operation. In SOFC mode, air

provides oxygen for the global electrochemical oxidation reactions; while in SOEC mode,

air acts as a sweep gas to reduce the partial pressure of generated oxygen from steam/CO2

electrochemical reduction, thereby increasing the efficiency of fuel production and avoiding

potential deleterious materials issues.

While Figure 1.4 presents the basic operation of such an energy storage system, it ne-

glects the specific component selection and integration required to transport reactant and

product species between the storage tanks and the ReSOC stack, as well as the thermal

management required in coupling a high temperature conversion device (i.e., ReSOC) with

lower temperature storage. System design and analysis is required to establish how the

storage and conversion functions are coupled, particularly concerning thermal management.

Many different system configurations are possible to fill in the balance of plant components

in between the storage tanks and the ReSOC stack including various arrangements of heat

exchangers, condensers, evaporators, auxiliary reactors, valves, pipes, compressors, and tur-

bines. A bulk of this research effort requires establishing suitable system configurations such

that the energy storage system maintains the theoretically high conversion efficiency of the

ReSOC stack.

1.4 Thesis objectives

The overall objective of this dissertation is to design and analyze stand-alone reversible

solid oxide cell energy storage systems. These systems are novel, so a bulk of the research

effort is dedicated to developing ReSOC system concepts for different application scales, de-

termining key design variables, developing methods and strategies for system integration, and
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formulating a procedure to simulate ReSOC systems. These efforts are essential in providing

context to the specific research objectives described below which aim to evaluate the perfor-

mance of ReSOC technology in energy storage applications. To that end this dissertation will

evaluate stand-alone electrical energy storage systems based on roundtrip efficiency, capital

cost, and levelized cost. These system performance metrics will be compared with targets

and projections of energy storage technologies and applications such as the long-term U.S.

DOE target of 80% system efficiency, <$150/kWh capital cost, and 10/c/kWh-cycle levelized

cost. Estimation of these performance metrics will be achieved by technical and economic

modeling of ReSOC systems; however, because no prior system integration studies have been

published, it is necessary to first establish a system that accurately represents the capabili-

ties of ReSOC technology for energy storage. Such a system design effort must consider the

unique characteristics of ReSOCs as well as the unique design requirements of energy storage

applications such that the most suitable system may be quite unlike established systems that

appear initially similar (e.g., SOFC power systems, SOEC hydrogen production systems, or

redox flow batteries). There are many system design considerations that will influence the

system performance including:

� Stack operating conditions : temperature, pressure, reactant composition, reactant con-

version.

� Storage conditions : composition, temperature, pressure.

� System configurations : gas processing configurations (e.g., heat exchanger and tur-

bomachinery networks), product recycle, oxidant storage vs. fresh air delivery, con-

densable reactant/product management (i.e., steam), storage configuration (i.e., above

ground tanks or geological reservoirs).

Exploration of each of these operating conditions and configurations through system mod-

eling is necessary to understand the often complex impacts on system efficiency. For example,

it is known that high temperature ReSOC stack operation is required for efficient transport
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of oxygen ions across the solid electrolyte, however lower temperature operation is expected

to improve system efficiency by promoting exothermic methane formation in the electrolysis

mode. Development of intermediate temperature ReSOC material sets has extended the

possible range of ReSOC operation to 600-1000°C, but the balance of plant parasitic power

will also change over this wide range of stack operating temperature. Furthermore, design of

energy conversion systems commonly involves tradeoffs between efficiency and capital cost,

and determining the most suitable configuration for this novel system must consider the effi-

ciency vs. capital cost balance specific to energy storage application. For example, efficiency

may be improved by including turbines to generate power from expanding the reactant gas

stream from the storage pressure to the stack operating pressure, however at the expense of

increased capital cost. The benefit of these turbines depends on the pressure ratio between

the ReSOC stack and storage tank such that the operating conditions and configuration

design are highly interconnected.

The following sub-objectives will be addressed to systematically accomplish the global

objective of evaluating ReSOCs for energy storage:

1. Establish the system thermodynamics with particular focus on ideal operation and

maximum efficiency.

2. Determine favorable system configurations and operating conditions based on efficiency

and energy density for both distributed (100 kW) and grid-scale applications (>10

MW).

3. Perform sensitivity analysis to show how system performance may improve with ad-

vances in ReSOC technology

4. Evaluate system capital and levelized cost.

The first sub-objective addresses the energetic limitations of ReSOC systems with specific

focus toward determining the maximum theoretical roundtrip efficiency of a ReSOC energy
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storage system. Furthermore, thermodynamic analysis can be used as a first approximation

for identifying desirable operating conditions of the ReSOC stack including temperature,

pressure, and reactant compositions.

The second sub-objective progresses the analysis a step further by addressing how far ac-

tual system performance deviates from the ideal case. Thus, technical performance must be

assessed through integrated system modeling for a variety of possible system configurations

and across a range of operating conditions to elucidate system trade-offs and optimal oper-

ating points. The system configurations and operating conditions considered in this study

are detailed in Section 2.5 including discussions of the expected effect of each design decision

on system performance. For example, operating the ReSOC stack at elevated pressure is

expected to increase stack efficiency by promoting exothermic methane formation during

electrolysis; however, the increased parasitic load required to compress ambient air oxidant

or sweep gas to a highly pressurized ReSOC stack can be detrimental to roundtrip efficiency.

This parasitic compressor load could be mitigated with alternate configuration approaches

such as using an oxidant tank to store air, enhanced air, or oxygen near the stack operat-

ing pressure, or using oxidant turbines for the ReSOC stack exhaust to recuperate power

expended in the air compressors. Furthermore, because energy storage applications are pro-

jected from the kW to GW scale, this analysis will address two scales of application which

will have different operating characteristics and must therefore be considered independently.

The third sub-objective utilizes sensitivity analysis to consider the possibility of improving

the performance of the ReSOC system with future improvements in ReSOC technology. With

increased research and development of ReSOCs, higher market penetration, and economies of

scale production, cost and performance are expected to become more favorable in the future.

Therefore, in order to accurately demonstrate the possibility of using such a technology for

energy storage, performance should be assessed for future scenarios with improved ReSOC

cost and cell characteristic (i.e., efficiency). This sensitivity analysis contributes to the

overall iterative design process of ReSOC systems by providing information to researchers
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focusing on materials development as to what performance may be required for competitive

implementation.

Addressing the objectives described above requires technical modeling of a ReSOC stack

and systems to quantify the technical and economic performance with fidelity capable of cap-

turing sensitivity to various operating conditions and system parameters. System component

models will be required including turbomachinery (compressor, turbine) and gas and liquid

processing (heat exchangers, boilers, condenser, recycle ejector, storage tanks). Much of the

technical modeling can be achieved with thermodynamically based models of the system

components, however to accurately capture the subtleties of operating conditions variation

on the ReSOC stack, a channel-level model is required. This level of modeling fidelity cap-

tures the performance effect of variations in key parameters including temperature, pressure,

reactant compositions, and flow configuration. Thus, another objective of this work is to

develop a ReSOC model and system component models that can accurately predict perfor-

mance over the desired range of operating conditions. Specifically, this requires calibrating a

ReSOC model to represent performance of next-generation intermediate temperature cells.

1.4.1 What is not addressed in this work

For a system modeling study of this nature, it is important to realize that there are many

aspects that cannot be addressed in the scope of a single dissertation. Dynamic operation

is inherent in energy storage systems for load following, mode switching, start-up, and shut-

down; however, this research will not address dynamic system operation. The configurations

and operating conditions of this novel system must be fundamentally understood before

the utility of dynamic modeling is required to address control strategies and higher fidelity

economic feasibility considerations. Additionally, because the energy storage applications

being targeted operate in a primarily steady manner outside of mode switching, steady-state

modeling analysis will provide a sound estimation of the system performance.

There are several system configurations that have been proposed, or are potentially fea-

sible with ReSOCs that will not be considered in this work. System configurations such
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as those with alternate storage and thermal management strategies are reviewed in Chap-

ter 3, but not considered for analysis in this dissertation. Additionally, while much of the

technical work of this dissertation is related to determining the most suitable system config-

urations and operating conditions, formal optimization is not included. For system analysis,

optimization procedures are highly computationally intensive and often applied to relatively

mature systems. For this novel system an understanding of the most suitable operating con-

ditions can be achieved through parameter variation and engineering analysis, while formal

optimization procedures can be employed in the future based on the systems developed from

this work.

1.5 Thesis outline

The remaining chapters of this dissertation are organized to address the objectives de-

scribed above. First, Chapter 2 provides additional background information on the energy

storage market, theory of operation and working principles of ReSOCs, and discussion of

the challenges and characteristics of ReSOC energy storage systems. Chapter 3 presents a

literature review focused on the most relevant previously published ReSOC system studies.

The literature review also notes important experimental results enabling ReSOC operation

under the conditions suggested by the modeling results. Chapter 4 analyzes ReSOCs based

on thermodynamic performance. This chapter describes a useful methodology for analyzing

ReSOC systems based on the thermodynamic potentials (i.e., thermoneutral and reversible

voltages) to highlight desirable operating conditions and establish the limits of theoretical

roundtrip efficiency. Chapter 5 details the assumptions, equations, and methodology used in

the stack and system-level modeling studies. This also includes a description of the calcula-

tion procedure required to simulate roundtrip operation of reversible systems. A significant

focus of the model description is the implementation and calibration of the intermediate

temperature channel-level ReSOC model. This calibrated model is used to generate results

in the following chapters.
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Chapter 6 presents the results of a cell and stack level modeling study to analyze the per-

formance of the ReSOC stack in energy storage applications independent of the supporting

system. In particular, design decisions related to the current density, flow configuration, and

reactant compositions are considered as to their impact on roundtrip efficiency and stack

thermal management. Chapter 7 presents a system configuration analysis for a distributed-

scale application (100 kW discharge power). The configurational variations include whether

to store reactant and product gases in a vapor state or condense water out of the pro-

cess streams for separate storage. The analysis focuses on the impact of preheating loads

and BOP auxiliary power to determine roundtrip efficiency and energy density performance

metrics. Chapter 8 considers implementation of large systems (>10 MW). The configura-

tion is dictated by practical engineering limitations of implementing a bulk-scale system, so

the analysis is centered on parametric studies of key operating conditions including stack

temperature, pressure, and fuel utilization. The final results section, Chapter 9 presents

economic analysis for selected systems from Chapters 7 and 8. A bottom-up costing method

is employed to estimate levelized and capital cost as a summation of the cost of each system

component as well as labor and operating expenses. The conclusions given in Chapter 10

synthesize the results in the previous chapters. Particular attention is given to future work

in an effort to guide additional research efforts on this topic.
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CHAPTER 2

BACKGROUND

The results and discussions in this dissertation draw from various technical disciplines

ranging from electrochemical and thermodynamic considerations of solid oxide cell perfor-

mance to system design and energy storage applications. This chapter provides background

information to support the novel contributions to reversible solid oxide cell system develop-

ment. First, the applications and benefits of energy storage are explained with a focus on

those applications that can be effectively serviced with ReSOC systems. Next the working

principles and theory of operation of ReSOCs are detailed. The current-voltage characteristic

is highlighted to explore the effect of different operating conditions on cell performance.

The working principles of ReSOCs highlight many favorable characteristics of using this

technology for energy storage; although hurdles also arise, particularly in regard to sys-

tem thermal management. The system thermal management is critical to maintaining high

roundtrip efficiency, and the selected approach of using heterogeneous reactions of the car-

bonaceous gases for thermal management is explicitly outlined here. This chapter also in-

cludes a discussions of why intermediate temperature ReSOCs are a favorable option for

energy storage applications by comparing their characteristics to those of low temperature

PEM cells and conventional high temperature solid oxide cells. This chapter concludes by

outlining the challenges associated with implementing ReSOCs in an energy storage sys-

tem. Achieving a high roundtrip energy storage efficiency is a central challenge of this work,

which is impacted by the cell-stack operation as well as system balance of plant component

selection and integration. These impacts are described qualitatively here.

2.1 Energy storage applications and technology requirements

Energy storage is considered to be a critical component of the future electric grid to

enable high penetration of intermittent renewable resources, increase efficiency, and reduce
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environmental impact. Several publications and reports have detailed the expected applica-

tions for energy storage technologies [1, 8, 18, 76–78], although most of these applications

are not widely used because present-day energy storage systems cannot meet the technical

performance and cost standards required to make energy storage implementation fiscally

attractive. As the need for electrical energy storage increases (e.g., with increased share

of wind and solar power generation) and electricity storage technologies improve, imple-

mentation will become more attractive. However, methods alternate to electricity storage

can also satisfy some of the projected applications. For example, demand-side management

or “smart-grid” solutions [79], where power consumption is regulated to meet generation

profiles (rather than vice-versa) by appliances [80], industries [81] or electric vehicles [82].

Thermal energy storage is another approach with the potential for high impact, either at low

temperature with building heating/cooling [83] or high temperature as in concentrating solar

power plants [84]. Finally, peaking power plants currently provide the service of some energy

storage applications, and may continue to do so in the absence of suitable energy storage

technologies. In fact, in a recent DOE report, energy storage cost standards for different

applications are compared against the cost of installing increased capacity of peaking com-

bined cycle power plants [8]. In the following subsections, energy storage applications are

explained from the perspective of economic benefit and energy storage system requirements.

Chapter 1 explained that ReSOC systems are suited for energy management, rather than

power management, applications; however, several factors other than energy and power ca-

pacity must be considered when designing a system for certain applications including startup

time, dynamic capabilities (i.e., ramping rate), and cost. Taking these selected applications

together with published performance targets leads to initial design requirements for a ReSOC

system.

2.1.1 Energy management applications

In a 2010 report from the U.S. Department of Energy [8], the total market potential for

electricity storage in the United States was estimated to be as high as 200 billion US$. This
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estimate is formulated by calculating an economic benefit ($/kW) of various energy storage

applications and projecting the potential storage power capacity (MW). Additional benefits

are expected from widespread energy storage that are not included in this report, such as

pollution reduction from increased grid efficiency and reduced wear on baseload generation

from lower ramping requirements.
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Figure 2.1: The 10-year economic potential for energy storage applications and individual
application power capacity ranges. Data from Reference [8].

Several electrical energy storage applications are considered to be infeasible with ReSOC

systems because of fast startup time, short discharge duration, or high ramping requirements.

On the other hand, a majority of the projected energy storage capacity is in energy manage-

ment services, many of which have scheduled operating periods, long discharge durations,

and low ramping requirements well suited for ReSOC systems. Figure 2.1 shows the market

potential of the different application categories that can be served by ReSOCs. Based on the

technical operating requirements, greater than 75% of the market potential for EES may be

reached by a competitive ReSOC system. Although, some of the applications that meet the

operating characteristics of ReSOC systems may not be achievable with such a system be-

cause the cost of implementation is too high. The application categories are described below.
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Utility applications

The two utility-scale applications are both related to electricity supply and include electric

energy time-shift and electric supply capacity. Electric energy time-shift involves purchas-

ing inexpensive energy from the wholesale electricity market during times of low demand

to charge a storage system. The storage system may be discharged to re-sell the stored

electricity to the wholesale market at times of high demand, or mitigate electricity purchases

during peak-demand periods. This service may be performed by either a regulated utility

or non-utility merchant. Efficiency and variable operating costs are particularly important

performance metrics for technologies performing time-shift because the instances where time-

shift is economically beneficial increase with increased efficiency and reduced operating cost.

Electric supply capacity represents the opportunity to use an energy storage system in place

of increased generation capacity. In this way, construction of a new power plant that would

supply peaking capacity at a relatively low capacity factor is mitigated. The cost of these

services is estimated to be 359–710 $/kW and the application scale can range from 1–500

MW [8].

End user benefits

End user benefits include energy cost management within a time-dependent electricity

cost structure (i.e., time-of-use energy pricing) and peak-shaving to reduce a maximum

capacity charges. Time of use (TOU) electricity pricing prescribes off-peak and on-peak

electricity price fluctuations that can exceed 100% daily and seasonally. Peak demand charges

apply a cost to the maximum power draw from a customer for different supply periods

(i.e., on-peak, part-peak, or off-peak). By charging an on-site electrical storage system

during periods of low power-draw or inexpensive demand charge and discharging during

high demand charge periods, the customer achieves economic savings. The economic benefit

of TOU energy cost management and peak shaving are estimated as 1226 and 582 $/kW,
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respectively. However, these applications are synergistic in that peak electricity use often

coincides with on-peak pricing. Thus, operating a single electricity storage system can

achieve the benefits of both TOU energy cost management and peak-shaving.

The high market potential for end user benefits shown in Figure 2.1 is attributed to both

high economic benefit and high market capacity. Furthermore, the application scale of <

10 MW suggests that these benefits may be well served by first generation ReSOC systems

preceding widespread adoption of the technology required to support large-scale systems.

These end user applications motivate the system configurations for 100 kW, distributed-

scale systems given in Chapter 7.

Renewables integration

Renewables integration applications for energy storage include renewable energy time

shift and renewable capacity firming [8]. Other studies have combined the renewable energy

time shift with the utility application energy time shift described above because the appli-

cations are operationally very similar [1, 18]. However, the economic benefit is calculated

differently by Eyer [8], based on the lost capacity factor of a renewable resource, meaning

that the benefit is lower for time-shifting renewable energy (233-389 $/kW) compared with

wholesale energy arbitrage (400-700 $/kW). Renewables capacity firming aims to “fill-in”

power production when the output from a renewable resource is lost due to variations in

weather. These variations can be rapid, meaning that the ramping rates required to provide

this service may be difficult for a ReSOC system.

Transmission and distribution upgrade deferral

Transmission and distribution (T&D) upgrade deferral is achieved with energy storage

systems by supplying storage capacity downstream of an overloaded or near-capacity trans-

mission node. Typically, the electricity distribution infrastructure operates at an average

capacity of 50% [85]. Including electricity storage can increasing the usage of the T&D in-
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frastructure to a more economically favorable capacity [18]. It should be noted that there

is significant price variation in the estimates of upgrading T&D capacity. In fact, 85% of

the potential power capacity predicted for T&D services has the lowest cost benefit of any

storage application (Transmission congestion relief, 31-141$/kW). Thus, while the technical

requirements for T&D upgrade deferral match those expected from a ReSOC system, the

cost is likely to be a barrier, particularly for early ReSOC systems. As seen in Figure 2.1, the

T&D upgrade deferral is a small portion of the total economic benefit possible with ReSOCs.

Applications not served by ReSOC

The energy storage applications that are considered infeasible with a ReSOC system are

eliminated from considerations based on fast time-to-online (< 10 min.), short discharged

duration (<30 min.), or high ramping requirements. The applications that are eliminated

for the above reasons are primarily associated with power quality management or backup

reserves and include: electric supply reserve capacity, voltage support, transmission support,

area regulation, electric service reliability, electric service power quality, short duration wind

generation integration, and substation on-site power [8].

2.1.2 System design requirements

Based on the projected electrical energy storage application benefits [8] and DOE perfor-

mance targets [1], initial performance requirements can be formulated for a ReSOC system.

Table 2.1 shows the design requirements proposed here for the ReSOC system at two ap-

plication scales. The power capacity normalized life cycle cost is taken from the average of

high and low projection from Reference [8] for utility applications (bulk scale) and end-user

benefits (distributed scale) and adjusted for a 20 year system life by scaling the present worth

factor [8]. Long-term efficiency and cost metrics are used here because the ReSOC systems

are presently immature and the long-term targets are intended for 2020. The energy capacity

for the distributed scale system is designed to allow 10-hour discharge duration, satisfactory

for the daily energy management services described above. However, seasonal storage with
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bulk scale systems may require discharge durations on the order of months, indicating much

higher energy capacity [86].

Table 2.1: System design specifications for distributed and bulk-scale systems.

Design specification Distributed scale Bulk scale
Power capacity 100 kW > 10 - 250 MW
Energy capacity 1 MWh 100 MWh - 500 GWh
Roundtrip efficiency (%) [1] 80% 80%
10 year life cycle cost ($/kW) [8] 1340 820
Levelized cost (/c/kWh-cycle) [1] 10 10
Capital cost ($/kWh) [1] 150 150
Cycle life [1] 5000 5000

2.2 Reversible solid oxide cell working principles

The ReSOC operating characteristics has a significant impact on the performance of the

energy storage systems explored in this work. Thus, to inform later discussions on stack

and system modeling results in Chapters 6–8, the theory of operation of ReSOCs in both

operating modes is explained here. The principles of ReSOC operation are analogous to often

more familiar SOFC operation, although the necessity of considering both operating modes

in reversible systems warrants distinction. The following subsections discuss the operating

principles related to ReSOC reaction chemistry, current-voltage relationship, and reactant

gas compositions.

2.2.1 Reaction chemistry

Global reaction chemistry within ReSOCs includes electrochemical fuel oxidation (or

reduction), fuel reforming (or methanation), and water-gas shift (or reverse shift) processes.

Reaction equations 2.1–2.3 summarize these primary reactions that occur in a ReSOC where

the ∆h given is the molar heat of reaction at 650°C. As written, the forward reactions

typically occur when the ReSOC is operated in fuel cell mode and the reverse reactions

occur during electrolysis; although it is possible, for example to have both water-gas shift
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and reverse water-gas shift reactions occur at different locations within the ReSOC in a single

operating mode depending on the reactant compositions and axial temperature profile.

H2 +1/2O2 ↔ H2O ∆h = -247 kJ/mol (2.1)

CH4 + H2O↔ 3H2 + CO ∆h = 224 kJ/mol (2.2)

H2O + CO↔ H2 + CO2 ∆h = 36 kJ/mol (2.3)

Figure 2.2 shows the reactions 2.1–2.3 occurring within the ReSOC in each mode of

operation, that is, charging during electrolytic operation and discharging during fuel cell

operation. In SOFC mode, hydrogen is consumed and water vapor is produced at the fuel side

electrode-electrolyte interface as a result of the fuel cell electrochemical oxidation reaction

(2.1). If carbon-containing species (CO, CO2, CH4) are present in the anode feed gas, steam-

methane reforming (2.2) and water-gas shift (2.3) reactions may also take place in the fuel

electrode compartment depending on the operating conditions and material sets employed.

Endothermic steam-methane reforming (2.2) is promoted as a result of H2 depletion and

H2O production (from 2.1), and under low pressure and high temperature cell conditions.

This reaction helps to mitigate the excess oxidant cooling typically required during power

producing SOFC mode. However, the steam-reforming reaction rate over Ni-YSZ electrodes

is rapid and can create large temperature gradients within the cell.

The reverse of reactions 2.1–2.3 occurs when the cell is operated in SOEC mode as shown

in Figure 2.2. The electrolytic reduction reaction (reverse of 2.1) proceeds when a cell voltage

greater than the open-circuit voltage is applied across the electrodes thereby reversing the

flux of oxygen through the solid electrolyte. The methanation reaction (reverse 2.2) is

promoted by production of H2, consumption of H2O, and lower temperature and higher

pressure operating conditions. The exothermic methanation reaction helps to offset the

thermal energy consumed by the endothermic electrolysis reaction (reverse 2.1), which is

important in maintaining the high temperature required for the ReSOC to operate. Direct

oxidation and reduction of CO and CO2, respectively, are known to occur in ReSOCs [87],

27



CH4,ZCO,ZH2

OxidantZSupply

O2

DepletedZOxidant

SOFC Mode

O2-

H2
H2O

FuelZChannelCO2,ZH2O H2,ZCO,ZCH4

SweepZGas

O2

O2,ZSweepZGas

CO2Z+H2ZZZZZZZZCO+H2O
CO+Z3H2ZZZZZZZZZCH4+H2OZZZZZZZZZ

ReactionZZone

OxygenZChannel

O2-ZZZZZZZZZZZZZZZO2+2e-

O2+2e-ZZZZZZZZZZO2-Z

O2-

H2H2O

H2+O2-ZZZZZZZZZZH2O+2e-

H2O+2e-ZZZZZZZH2+O2-ZZZ

ReactionZZone

1
2

1
2

COZ+H2OZZZZZZZZCO2+ZH2

CH4+H2OZZZZZZZZZCO+Z3H2

CO2,ZH2O

OxygenZChannel

FuelZChannel

SOEC Mode

Fuel
electrode
Electroyte
OxygenZelectrode

Z

(a)

(b)

Fuel
electrode
Electroyte
OxygenZelectrode

Figure 2.2: Reversible solid oxide cell channel schematic showing gas flow channels, MEA
structure, species diffusion, and reaction chemistry in (a) SOFC and (b) SOEC modes

although the water-gas shift and reverse shift reactions are typically assumed to be the

dominant reaction pathways for these species. This assumption has been questioned in

recent publications as discussed in Section 5.1.5.

2.2.2 Reactant gas compositions

The simplified system concept depicted in Figure 1.4 includes two gas compositions as-

sociated with the “fuel” and “exhaust” storage tanks, however it is not immediately clear

which compositions are most suitable. Furthermore, because this is a closed system, the

reactant compositions are not determined by a feedstock input, such as natural gas in an

SOFC power system or some ratio of steam and CO2 in a co-electrolysis process. Rather, the

gas occupying the “exhaust” tank is produced during SOFC mode where its composition is
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established from the SOFC stack operating conditions including temperature, pressure, and

fuel utilization. Similarly, the composition of the gas in the fuel tank is established from the

fuel channel product stream when the system is operated in SOEC mode at its respective

operating conditions.

Figure 2.3: Ternary C-H-O diagram indicating carbon deposition region boundary (red line),
carbon deposition region (grey), and fully oxidized region (blue)

The two compositions are conveniently depicted on the C-H-O ternary diagram as shown

in Figure 2.3. They have equivalent hydrogen-to-carbon ratios (HTCR or H/C), but the

oxygen content changes with the addition of oxygen during SOFC mode and removal of

oxygen during SOEC mode. The possible compositions are bounded by the fully oxidized

region and carbon deposition region. Solid carbon deposition causes irreversible damage in

ReSOCs (i.e., catalyst poisoning, increased mass transport resistance in the gas diffusion

electrode, etc.) and its formation depends on many factors including temperature, pressure,

and mixture composition. The thermodynamic carbon deposition boundary is determined

29



by equilibrium calculations assuming solid carbon forms graphite on the ReSOC [88–90].

It is a function of temperature and pressure alone and can be used to estimate deleterious

operating conditions. The deposition boundary is calculated by minimizing the free energy

of a gas mixture made up of relevant C-O-H molecules. The method used here is described

in Reference [89] and considers the 6 common species in SOFC systems (i.e., H2, CO, CH4,

H2O, CO2, and C). The method is implemented using thermodynamic properties available

in Engineering Equation Solver [91].

Methane-fueled SOFC systems often use steam-to-carbon ratios > 2 to reduce coking

potential, but validated safe operating ranges have not yet been established for the conditions

considered here. Thus, the carbon deposition boundary is used as a starting point to select

appropriate compositions. Overall, the criteria for selecting viable gas compositions include

mitigating carbon deposition, ensuring sufficient methane for thermal management, and

allowing high fuel energy density for increased energy storage capacity. Thus, it is desirable

to operate with a highly carbonaceous composition (i.e., low hydrogen-to-carbon ratio) that

does not exceed the carbon deposition boundary.
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Figure 2.4: Species constitution vs. atomic oxygen content spanning the “fuel” and “ex-
haust” compositions as indicated in Figure 2.3.

30



Figure 2.4 shows the equilibrium mole fractions calculated for varying oxygen content

based on the transition between the “fuel” and “exhaust” points in Figure 2.3 at 650°C

and 20 bar. The fuel composition is rich in methane (nearly 60% dry) and hydrogen. The

exhaust has high water content (65%) and the remainder is primarily carbon dioxide and

hydrogen.

2.2.2.1 Utilization parameter definitions

A utilization parameter (i.e., fuel utilization or reactant utilization) quantifies the fraction

of reactant delivered to the stack which is electrochemically converted. For a reversible

system, it is also useful to consider the utilization in terms of oxygen transport across the

electrolyte. Thus, the utilization parameters are used to mathematically relate the “fuel”

and “exhaust” compositions.

In the case of fuel cell mode, the fuel utilization is defined as the ratio of the molar rate

of electrochemical hydrogen consumption to the equivalent molar flow of hydrogen supplied

to the fuel channel of the SOFC mode stack:

UF =
ṄH2,consumed

(ṄH2 + ṄCO + 4ṄCH4)SOFC,inlet

(2.4)

where Ṅi is the molar flow of species i and ṄH2,consumed is the molar rate of hydrogen con-

sumption at the fuel electrode.

Alternatively, reactant utilization for electrolysis operation can be defined as the ratio

of oxygen generated at the oxygen electrode to the total oxygen available in the reactant

species entering the fuel channel:

UR =
ṄO2,produced

2(ṄH2O + 2ṄCO2 + ṄCO)SOEC,inlet

(2.5)

This definition suggests that complete electrochemical reduction of the reactant species (i.e.,

UR = 1) includes reducing CO. In practice, the presence of heterogeneous side-reactions

at the fuel electrode offers other chemical formation pathways, such as CH4 formation via

methanation, making this definition especially useful for lower temperature, pressurized sys-
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tems.

Despite Equations 2.4 and 2.5 being defined for SOFC and SOEC operation, respectively,

each parameter also influences the opposite operating mode for a reversible system. For ex-

ample, the fuel utilization affects SOEC mode operating parameters. Specifically, in a closed

energy storage system, oxygen is either transferred to or removed from the fuel electrode and

the utilization term is a measure of this. In turn, the magnitude of the utilization affects

the tank composition for the subsequent mode switching operation. Because the ReSOC

system must ensure continuous reversible operation, the storage tanks must eventually re-

turn to their original state of charge (i.e., respective composition or oxygen content). In

other words, the mass flows and conversion rates associated with a prescribed SOFC mode

fuel utilization define the operating conditions (i.e., reactant utilization) required in SOEC

mode such that the system is recharged to the original state exhibited by the storage tanks.

To recharge the system in this way, the value of reactant utilization (UR) is not necessarily

equivalent to the value of the fuel utilization (UF ) because the reactant utilization measures

the extent of reduction of a gas mixture, while the fuel utilization measures the extent of

oxidation of a different gas mixture. Additionally, a given fuel utilization does not indicate

a specific reactant utilization which will return the system to its original state because the

two parameters are not explicitly related.

2.2.3 Current-voltage relationship

The relationship between current and voltage in a ReSOC is a determining characteristic

of the cell efficiency. The open circuit voltage (OCV) is estimated by the reversible potential,

calculated as:

EN = −∆g

nF
(2.6)

where ∆g is the Gibb’s free energy, F is Faraday’s constant, and n is the number of electrons

transferred per reaction. The Nernst equation is revealed from 2.6 by expanding the entropy
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component of the Gibb’s Free energy and assuming the hydrogen redox reaction:

EN = E0 −
RT

nF
ln

xH2O

xH2xO2

+
RT

2nF
ln

p

p0

(2.7)

where EN is Nernst potential, E0 is standard equilibrium potential calculated at cell temper-

ature and standard pressure, and the species mole fractions, temperature, pressure, Faraday

constant and universal gas constant are represented by xi, T , p, F and R, respectively. The

number of electrons transferred per reaction is n = 2 for reaction 2.1.
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Figure 2.5: Representative current-voltage characteristic.

The cell voltage in each mode of operation is calculated as a deviation from OCV by a

current-dependent overpotential. A representative voltage-current plot for a ReSOC is shown

in Figure 2.5 where the current is positive in SOFC mode and negative in SOEC mode. An

intermediate fidelity cell model was employed to generate Figure 2.5 which is described in

Chapter 5. For high temperature (800-1000°C) ReSOCs, activation overpotential is relatively

small compared to low temperature electrochemical cells, particularly in the electrolysis

mode of operation. However, under intermediate temperature conditions (550-800°C), the

activation overpotential is more significant, particularly at low current density [92]. Ohmic

overpotential increases linearly with current density and is attributed to the resistance to

electron and ion transport in the MEA. The majority of ohmic resistance is attributed to ion
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transport in the electrolyte and interfacial contact resistances between cell components and

layers. Concentration overpotential due to reactant depletion at the electrode-electrolyte

interface arising from diffusion limitations in the porous electrodes occurs at both the fuel

and oxygen electrodes.

Inefficiency (i.e., overpotential) increases with increased current density; however, it is es-

sential to operate at reasonably high current density in order to achieve an economically high

stack power density. Utilizing a unitized stack for reversible operation requires balancing

design considerations for both modes of operation. For example, heat generation associated

with cell-stack inefficiency helps to offset the endothermic reduction reaction (reverse reac-

tion 2.1) in electrolysis mode, but can cause excessive heat generation in fuel cell mode. The

current-voltage relationship is influenced by the cell operating conditions (e.g., T , p, xi) and

these effects must be considered when determining suitable operating conditions for energy

storage. The following subsections consider the influence of different operating conditions

on the current voltage characteristic all generated with the channel-level model described in

Chapter 5. These results are modeled assuming the cell-stack interconnect is isothermal to

represent laboratory conditions.

Pressurized operation

The effect of pressure on the current voltage performance is given in Figure 2.6, which

indicates that pressurized operation has advantages for enhancing ReSOC performance, par-

ticularly in SOFC mode where the ratio of power produced to power consumed in SOEC

mode at a given magnitude current density is higher. Increasing the pressure also changes

the cell thermal behavior, for example by promoting the exothermic methanation reaction.

The cell temperature at a given current density is relatively higher if the methanation reac-

tion occurs inside the fuel channels. Therefore, pressurized operation allows more efficient

(i.e., lower overpotential) operation for a practical system when methanation occurs in the

fuel channel.
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Figure 2.6: Voltage and power density vs. current density for a ReSOC under atmospheric
(black) and pressurized (red) conditions.

Pressurized operation has two distinct effects on the cell electrochemical performance:

(1) increased OCV and (2) reduced losses associated with the activation and concentration

polarizations. The third term in the right side of Equation 2.7 represents the pressure de-

pendence of the Nernst potential. As the cell pressure increases, this term rises from 0 (at 1

bar) to larger values, resulting in increased Nernst potential at each current density. With

an increase in EN , the SOFC power production and efficiency also increases. Although,

pressurized operation has the opposite effect in electrolysis mode at low magnitude current

densities (i.e., it increases the cell power consumption because the applied voltage must be

higher for a given current density). At high current density (i.e., past the intersection point

in Figure 2.6) the pressurized SOEC has better performance compared to atmospheric be-

cause the increased Nernst potential is offset by reduced activation and concentration losses.

Indeed, pressurized operation significantly reduces the concentration losses and enhances the

charge-transfer reaction kinetics in both modes of operation as has been reported previously

[92].
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Despite increased SOEC mode power consumption at elevated pressure in the low cur-

rent density regime, increased power production in fuel cell mode results in a net benefit for

roundtrip storage efficiency (see the roundtrip efficiency definitions in Section 2.5.1). The

combined effects of the phenomena described above indicate that pressurization increases the

overall performance of the cell in both operating modes. Thus, the present work considers

pressurized ReSOC systems as a practical approach to improve system performance.

Influence of reactant composition

The pressurized and ambient current-voltage characteristics shown in Figure 2.6 are pro-

duced with the same feedstock gas composition in both fuel cell and electrolysis modes,

resulting in a continuous curve as the cell moves through polarity switching at zero current.

This result is representative of constant fuel flow, cell-level laboratory testing practices.

However, for the proposed energy storage application, the reactant gas compositions in each

mode will not be the same and it is therefore necessary to explore the implications of different

compositions on the cell characteristic. Figure 2.7 shows predicted voltage-current curves

considering unique reactant compositions in SOFC and SOEC modes for both constant fuel

flow and constant fuel utilization. As can be seen from the constant fuel flow case, the

curves associated with each composition have distinctly different OCV values. Comparing

the constant fuel flow results presented in Figure 2.6 and Figure 2.7 shows that the ReSOC

performance increases when the feedstock gas compositions are not the same. For example,

with more hydrogen (reactant) and less water (product) in the feedstock gas composition in

SOFC mode, the Nernst potential, and consequently power output, increases. Alternatively,

since water is the main reactant in the SOEC mode, high amounts of water in the SOEC

mode feedstock gas composition decrease the Nernst potential and consequently reduce the

cell power consumption for a given current density.

To consider the implications of the voltage-current characteristic in the context of system

level operation it is re-emphasized that for a practical system, the inlet composition in
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Figure 2.7: Voltage vs. current with different reactant compositions in each mode with either
constant fuel flow or constant fuel utilization

one mode of operation is determined based on the exhaust gas conditions established from

operation in the opposite mode (see Section 2.2.2). For the constant fuel flow V-j curve in

Figure 2.7, the feedstock composition in SOEC mode is produced from the stack in SOFC

mode only at a specific current density which corresponds to 70% fuel utilization (i.e., at

1 A/cm2 where the constant fuel flow and constant utilization curves cross). Because of

the interdependence of the two feedstock compositions, roundtrip operation in the proposed

system will follow a V-j characteristic more closely represented by constant fuel utilization

than constant fuel flow. In both operating modes, the cell performance is worse for the

constant utilization case compared to constant fuel flow at current density magnitudes <

1 A/cm2 because of higher reactant consumption and associated changes in OCV. Beyond

1 A/cm2, the constant fuel flow case exhibits higher fuel utilization (> 70%), resulting in

lower cell performance compared to the constant utilization case. The constant utilization

curves are not shown near OCV because portions of the cell become inactive at low current

density when high fuel utilization is maintained.
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2.3 System thermal management

The previous sections described many of the operating features of a reversible solid oxide

cell. Chief among these features is the discrepancy in thermal behavior between the two

operating modes. For the stand-alone energy storage systems considered here, it is impor-

tant that the stack is operated to be net exothermic so that reactant preheating can be

satisfied by stack tail-gases that have increased in temperature as they flow through the

stack. Thus, a particular challenge is the endothermic electrolysis reactions which must

be overcome with a heat supply. Operating at overpotential high enough to achieve a net

exothermic process is prohibitively inefficient for most energy storage applications. Alterna-

tively, in this work the stack is operated to intentionally promote exothermic methanation

reactions during electrolysis operation. The extent of methanation will dictate how much

additional heat is required in the stack to satisfy system preheating requirements. From a

basic interpretation, LeChatlier’s principle indicates that increasing pressure and lowering

temperature of the ReSOC stack will benefit methane formation. Other stack operating

conditions including reactant composition and utilization also have a significant influence on

the thermal performance as explained in Chapter 4.

2.4 Low, intermediate, and high temperature electrochemical cells

Reversible solid oxide cells are less mature than PEM or alkaline electrochemical cells,

however the ReSOCs are critical to the implementation of the systems modeled in this dis-

sertation due to several unique operating characteristics. In particular, the thermal manage-

ment approach described in the previous section is not possible with low temperature PEM

cells because they are irreversibly damaged by the presence of carbon monoxide and the

operating temperature is not suitable for reforming and fuel-synthesis chemistry. Another

detriment of low temperature cells in energy storage applications is depicted in Figure 2.8,

which compares the polarization curves for PEM and ReSOC operated on steam-hydrogen re-

actant mixtures. The large polarization at low current density for the PEM cell is attributed
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to kinetic limitations. These losses lead to significantly higher power required to generate

hydrogen and somewhat lower power generated in fuel cell mode. Conversely, the ReSOC

shows a relatively flat profile at open circuit voltage, which indicates that only slightly more

power is required to generate hydrogen compared to the electricity recovered.

Figure 2.8: Comparison of current-voltage characteristics for low temperature PEM [93] and
high temperature SOC [94]. Figure supplied courtesy of Dr. Scott Barnett.

The above discussion illustrates the necessity of solid oxide cells for high efficiency energy

storage applications. Furthermore, intermediate temperature solid oxide cells are targeted in

this work because of their capacity for high performance in operating regimes that coincide

with methane formation. Figure 2.9 shows model-generated roundtrip stack efficiency results

as a function of temperature for two different calibrated models. The high temperature

YSZ-electrolyte model [92] achieves the targeted 80% efficiency at 850°C, but efficiency

declines rapidly at lower temperature due to increased serial resistance and polarization

losses. Alternatively, the LSGM-electrolyte cell model (described in Chapter 5) achieves

> 80% roundtrip efficiency at temperatures as low as 650°C, which is a more favorable

temperature for methane formation.
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2.5 Reversible solid oxide cell system design considerations

Some unique challenges arise in designing ReSOC systems, including: (1) overcoming

the thermal disparity between fuel cell (typically exothermic) and electrolysis (typically

endothermic or near thermoneutral) operation using a unitized cell-stack and common hard-

ware, (2) selecting configurations and operating conditions (T, p, utilization, composition)

that promote high efficiency in both operating modes, and (3) thermal integration between

high temperature stack operation and lower temperature, pressurized storage. Furthermore,

because stack reaction products are tanked for use in the opposite mode of operation, they

must be processed to enable compression to storage pressure with minimal energetic cost.

These design challenges can be overcome by careful selection and thorough understanding of

system configurations and operating conditions. The remainder of this chapter is dedicated

to outlining the key operating parameters and system design decisions that are evaluated in

the following modeling results. Typically the system design requires balance two or more

competing trends (e.g., stack efficiency vs. system efficiency or system efficiency vs. capital

cost). Evaluating these design tradeoffs is a primary focus of this dissertation. Before the
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system integration considerations are addressed, it is important to define the roundtrip ef-

ficiency parameters to help explain the implications of different design decisions on system

technical performance.

2.5.1 Roundtrip efficiency considerations

The efficiency of a ReSOC system for energy storage depends on both the efficiency of

the ReSOC and the auxiliary power required by the balance of plant. The roundtrip system

efficiency, ηRT,system, is defined as the quotient of the net energy generated in SOFC mode to

the total energy supplied in SOEC mode:

ηRT,system =
VSOFCqSOFC − EBOP,SOFC

VSOECqSOEC + EBOP,SOEC

(2.8)

where VSOFC and VSOEC are the operating nominal cell voltages, qSOFC and qSOEC are the

total charge transferred across the electrolyte, and EBOP,SOFC and EBOP,SOEC are the total

BOP energy required during SOFC mode and SOEC mode, respectively. The BOP energy

includes parasitic power loads from components, such as compressors, power produced from

turbines, and energy entering the system in the form of fuel or process streams. As the

definition implies, for achieving high roundtrip efficiency, it is desirable to operate at high

cell voltage in SOFC mode and low applied voltage in SOEC mode (i.e., operate at low

overpotential), as well as to have low BOP energy consumption in both modes of operation.

It is convenient to define the efficiency in terms of energy (rather than power) to allow

different operating durations in SOFC and SOEC modes. However, for repeatable and

self-sustaining operation, the system must be returned to the initial state of charge (i.e.,

charged state) by operating in SOEC mode. Depending on the energy storage application

and operating strategy, the charged state may be achieved, for example, daily, weekly, or

seasonally. The state of charge is defined as the hydrogen equivalence of the gas stored in

the SOFC tank, which is proportional to the charge transfer required to completely oxidize

the stored fuel. Thus, to ensure repeatable operation, the total charge transferred during

SOEC mode must be equal to the charge transferred while discharging the system in SOFC
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mode: qSOFC = qSOEC.

The roundtrip stack efficiency, ηRT,stack is calculated by neglecting the BOP energy re-

quired in both modes such that Equation 2.8 is simplified to:

ηRT,stack =
VSOFC

VSOEC

(2.9)

The roundtrip stack efficiency is useful for understanding system performance by quantifying

the efficiency impact of the ReSOC stack and the BOP independently.
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Figure 2.10: Roundtrip stack efficiency vs. overpotential assuming constant overpotential in
both operating modes and open-circuit voltage of 1.05 V.

Operating at the high overpotential required to generate net heat in a steam-hydrogen

electrolyzer is prohibitively inefficient for an energy storage application. More specifically,

the overpotential require to reach the thermoneutral voltage is approximately 240 mV for

steam electrolysis at 800°C and 1 atm, which limits the roundtrip stack efficiency to 63%

(see Figure 2.10). To achieve higher efficiency, the electrolyzer must operate at lower over-

potential. For example, in Figure 2.10, an overpotential of 117 mV is the maximum allowed

to achieve 80% stack efficiency. To allow some axuiliary power consumption from, e.g., com-

pressors, a more realistic target is 85 mV, corresponding to a stack efficiency of 85%. This

simple analysis reiterates the necessity of operating within the thermal management strategy
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described in Section 2.3, where low overpotentials are enabled by exothermic fuel-synthesis

chemistry in the ReSOC.

2.5.2 System configurations

Figure 2.11 shows a schematic of the baseline system implementation. The features of this

system configuration include storage tanks for the two gas compositions (fuel & exhaust), a

product compressor to compress the stack products to the storage pressure, an air compressor

to compress ambient air to the stack operating pressure, heat exchangers to recuperate

thermal energy from the oxidant and product streams for preheating, and valves to throttle

streams to lower pressure and aid in mode-switching. The system in Figure 2.11 indicates the

opportunity to utilize many of the system components in both modes of operation, such as

compressors and heat exchangers, favorably reducing capital cost. Analysis of the component

loads and operating ranges is required to validate the feasibility of this approach.
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Figure 2.11: Baseline system schematic.

Two primary operating concerns are notable from the baseline system shown in Fig-

ure 2.11. First, storing the fuel and exhaust directly from the stack outlet requires storage

of condensible species, particularly H2O. At the high operating temperature of the ReSOC
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stack, H2O is gaseous even at elevated pressures; however, H2O can condense in the tanks

for storage near ambient temperature. Storing a two-phase mixture has implications for op-

eration of the storage system and requires additional thermal energy to evaporate the liquid

water when it must be used is a reactant. The exhaust composition can include, for example,

greater than 75 mol% H2O. Condensation in the tanks can be mitigated by lower pressure

and higher temperature storage conditions, which are unfavorable from an energy density

standpoint. Furthermore, maintaining high temperature storage suggests highly insulated

or heated storage tanks, thus either increasing the capital cost or energy consumption of the

system. Implementations where high temperature storage is used to prevent condensation

of stored gases will be referred to as the stored vapor case, although alternate system con-

figurations are discussed below to avoid this potentially unfavorable strategy. The energy

management applications targeted with ReSOC energy storage system require storage on

the order of hours to days, such that maintaining high temperature (e.g., 200°C) gaseous

storage may be impractical.

The second operational concern for the baseline system is the potential for excessive com-

pressor power consumption. The compressor power is determined by the flowrate, pressure

ratio and compressor inlet temperature. For the baseline configuration, high inlet tempera-

ture (e.g., 200°C) is required for the product compressor to maintain gas phase of all species

throughout the compression process. Furthermore, the high flowrate and pressure ratio for

the air compressor can cause detrimentally large power consumption for the expected stack

operating pressure (e.g., greater than 10 bar).

Advanced system configuration implementations address the operational challenges of

the baseline system described above and can improve performance in other ways. The con-

figurations considered in this research are depicted in the system schematic in Figure 2.12.

The configurational modifications include: (1) active water management with a condenser

and evaporator to separately store liquid water, (2) recycle of stack products and air/oxidant

exhaust, (3) tanked oxidant storage, (4) expansion turbines, and (5) auxiliary methanation
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and/or steam-methane reforming reactors. These system modifications are described below.
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Figure 2.12: Advanced system schematic.

Active water management (e.g., water separation)

Active water management refers to the controlled separation of water from the product

stream prior to compression and storage of the other product species. Implementing active

water management requires additional components including evaporator, condenser, water

pump, extra valves and piping, and potentially a water storage vessel. By removing the water

prior to compressing the product gases to storage pressure, the remaining product gases can

be compressed at a lower temperature, thus reducing the power requirement. Additionally,

the gases can be stored at higher pressure and lower temperature without concern for water

condensation, favorably reducing the required storage vessel volume. However, additional

thermal energy is required to evaporate the reactant water in both modes of operation. For

a stand-alone system the thermal energy required by the evaporator is ultimately provided

by inefficiencies in the ReSOC stack, so a greater thermal load required by the BOP suggests
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lower roundtrip stack efficiency. The energy required for evaporation is particularly detri-

mental in SOEC mode where water is a majority reactant. Power consumed by the water

pump is negligible compared to the gas compressors because it acts on high density liquid

water.

Stack product recycle

Recycle of products from both the fuel channel and oxidant channel has the potential

to improve system performance. Recycle typically relies on high-temperature ejector com-

ponents to entrain the recycle flow without needing to first cool the recycled stream. The

ejector implementation requires slightly increased compression of the driving flow (i.e., “fresh

oxidant”). Oxidant recycle is a well-established operating strategy in SOFC systems as a

method to reduce the size and cost of gas processing components such as compressor and

heat exchangers. Although, oxidant recycle results in an unfavorable depletion of the oxygen

partial pressure in the ReSOC oxidant channel if air is used as the oxidant, reducing the

Nernst potential.

Electrolysis systems typically operate with a sweep gas (e.g., air) to reduce the partial

pressure of generated oxygen in the oxidant channel, but typical SOEC operating conditions

are such that cooling is not a primary function of the sweep gas. However, the system

proposed for this research relies on the electrolysis mode stack operating exothermically such

that cooling the stack is a primary function of the sweep gas flow. Sweep-gas recycle can

be employed for a similar benefit as in SOFC mode. Oxygen is concentrated in the sweep

gas (air) as a result of recycle which causes the Nernst potential to increase unfavorably.

Although, similar to SOFC mode this performance penalty may be compensated by reduced

power consumption of the compressors.

Recycle of products from the fuel channel has more complicated impacts on system per-

formance than oxidant recycle because it can impact the ReSOC thermal characteristic,

electrical characteristic, and reactant composition in addition to compressor and heat ex-
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changer loads. One common reason for implementing SOFC stack recycle is to provide steam

at the stack inlet to reduce the likelihood of coke formation with a hydrocarbon fuel. This

reduces the thermal load that would otherwise be required to evaporate steam. Product

recycle is not as commonly employed in SOEC systems, although it will impact stack and

system efficiency through changes to the thermal and electrical characteristic. Ultimately

model simulations can be used to demonstrate the dominant effects of recycle in each mode

and assess its utility as an operating strategy.

The performance benefit from recycling a portion of the gas streams exiting the stack is

often optimized for a given recycle ratio, which is defined as the mass flow of the recycled

stream compared to the total mass flow leaving the stack. Thus, the recycle ratio of both

the oxidant and fuel channel streams will be considered as a system operating parameters in

the proposed studies.

Oxidant storage

Tanked oxidant storage has the potential to reduce the BOP power consumption for

pressurized stack systems by storing oxidant at a pressure near the stack operating pressure.

Rather than compressing oxidant to the stack pressure, oxidant is expanded from the storage

pressure and oxidant or sweep gas exiting the oxidant channel must be compressed back to

the storage pressure. Tanked oxidant storage has the potential to significantly reduce the

load on the oxidant compressor by reducing the pressure ratio. For example, if the stack

operating pressure of 20 bar is assumed, compressing ambient air from atmospheric pressure

requires a pressure ratio of about 20, while tanked storage at 100 bar requires a pressure

ratio of only 5.

An additional benefit of tanking the oxidant is realized if the stored gas is either pure

oxygen or enhanced air. Higher concentration of oxygen in the oxidant improves ReSOC

efficiency by both reduced activation and concentration losses at the oxygen electrode and

increased Nernst potential. It should be noted, however, that activation and concentration
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losses are also drastically reduced for pressurized operation such that ohmic overpotential is

likely to dominate cell performance. Increasing the Nernst potential is beneficial in SOFC

mode as it leads to increased power density, although increased Nernst potential in SOEC

mode requires increased power for the electrochemical conversion. The benefit of increased

Nernst potential in SOFC mode outweighs the increased power requirement in SOEC mode

such that using pure oxygen in both modes is desirable when compared to ambient air. The

benefit of using pure oxygen as the oxidant is enhanced when oxidant recycle is implemented

because the depletion and concentration of oxygen associated with ambient air recycle in

SOFC and SOEC modes, respectively does not occur. An additional consideration for tanked

oxidant is the safety of storing highly purified oxygen.

Reducing the oxidant compressor power consumption, for example by tanking oxidant,

has the potential to drastically reduce the total system BOP power consumption. Power

consumption from the oxidant compressor may be as much as an order of magnitude larger

than the product compressor due to higher volumetric gas flowrate and pressure ratios.

Expansion turbines

Another configuration with the potential to improve system efficiency is including ex-

pansion turbines to reduce the net BOP power consumption. This implementation is, in a

sense, recuperating some of the power expended in the gas compression processes to improve

system efficiency at increased capital cost. Turbine expansion of exhausted oxidant from

stack pressure to ambient is expected to be the most beneficial implementation because the

oxidant stream has a relatively large flowrate and exits the stack at high temperature. It

must also be considered, however, that the gas streams leaving the stack are required for

preheating processes such that not all of the energy is available for recovery in turbines.

Turbine expansion of the reactant species discharged from pressurized storage tanks can also

be considered as a strategy to generate electrical power from the balance of plant.
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Multi-stage expansion and compression

Implementation of the compressors and expansion processes noted above must be inte-

grated with the heat exchange processes. This also allows for possible performance enhance-

ment with multiple expansion and compression stages. For example, multi-stage compression

with intercooling can be utilized to reduce compression power for large pressure ratios when

using ambient air. Similarly, partially expanding pressurized gas streams exhausted from

the stack through a turbine, and then extracting heat for preheating processes prior to a

second stage of expansion increases turbine power generation by expanding gases at high

temperatures.

2.5.3 Stack operating conditions

The operating conditions of the ReSOC stack influence the system efficiency through

the electrochemical characteristic, thermal characteristic, and BOP operation. The relevant

considerations for stack temperature, pressure, and gas compositions are explained here.

Stack temperature

The stack temperature is a primary factor in determining the electrochemical performance

because of its influence on the ohmic resistance of the solid electrolyte and the kinetics of the

charge-transfer reactions. However, various stack materials have been explored to show high

efficiency operation over a wide temperature range (600-1000°C). The open-circuit voltage

as predicted by the Nernst equation is also influence by temperature and increases with de-

creased temperature. The stack temperature impacts the thermal characteristic of the stack

based on its influence on the thermochemical reactions (i.e., reforming and methanation).

Finally, the stack temperature influences the balance of plant operation by, for example,

establishing the preheating requirements and the temperature of the gas streams leaving the

stack. Typically gas streams enter the stack at 100-200°C below the average stack operating

temperature and are heated by convection from the MEA structure. The stack temperature
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can be characterized by the average MEA temperature when accounting for axial temper-

ature variations, although large thermal gradients and high temperature can degrade stack

performance from mechanical stress and catalyst sintering.

Stack pressure

Pressurizing a ReSOC favorably reduces both the activation and concentration overpoten-

tials by concentrating reactant species in both the fuel and oxidant channels. Furthermore,

increasing the reactant partial pressure increases the open circuit voltage which is expected

to increase roundtrip storage efficiency. Pressurization is seen as a key component of the ther-

mal management strategy of promoting methanation to overcome endothermic electrolysis

reactions.

Pressurized stack operation has a positive effect on stack performance, although the

system performance may suffer from high pressurization based on excessive BOP power con-

sumption. That is to say, the compressor power required to deliver oxidant to the stack

increases with pressurization if the oxidant is ambient air. The previous section noted the

possibility to mitigate this issue with alternate system configurations including oxidant stored

in a pressurized tank or expansion turbines. However, the additional capital cost incurred

with these configurations may not be necessary if the stack is operated at an intermediate

pressure (e.g., around 5 bar).

Reactant composition

The prior composition discussion explained that thermal management, carbon deposition

mitigation, and energy density are the important composition considerations and concluded

that it is desirable to select a reactant composition that is highly carbonaceous (i.e., low

hydrogen-to-carbon ratio), but does not exceed the carbon deposition boundary. Because

the carbon deposition boundary is a function of temperature and pressure, more carbona-

ceous compositions can be used without deleterious effects at higher pressure and lower
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temperature. Also, higher HTCR implies higher steam content in both the “fuel” and “ex-

haust” compositions which has additional impacts on system level operation related to the

storage and balance of plant operation. For example, if a “stored vapor” approach is used,

then higher H2O content requires either higher temperature or lower pressure storage, both

of which increase the required tank volume. Similarly a higher compression temperature is

necessary when there is more H2O in the gas stream. If active water management is employed

to separately store liquid water, more energy is needed to evaporate the increased amount

of reactant steam if the reactant requires a higher HTCR to mitigate carbon deposition.

The reactant utilization parameters (i.e., fuel utilization and reactant utilization) also af-

fect system performance through the ReSOC thermal characteristic, electrical performance,

and system balance of plant performance. Electrochemical performance is improved at lower

utilization because of reduced reactant depletion. The thermal ReSOC characteristic is in-

fluenced by utilization which is demonstrated through analysis of the thermoneutral voltage

(see Chapter 4). Utilization also impacts the balance of plant performance because, for ex-

ample, at lower utilizations a larger flowrate of reactant and product species is transported

between pressurized storage tanks and the ReSOC stack. This can lead to a larger influence

of BOP operation on system performance due to higher turbomachinery power.

2.5.4 Storage operating conditions

The relevant storage operating conditions include temperature, pressure, and composi-

tion, although stored composition is determined from ReSOC stack operating conditions and

is not considered an independent design parameter. The storage tank temperature impacts

the volume required to store a given volume of gas. The storage temperature is also related

to storage composition in the case of “stored vapor” in that a higher storage temperature

is required to prevent condensation. When water is separately stored through active water

management the storage temperature of the gas storage tanks (i.e., “fuel” and “exhaust”)

can be near-ambient to eliminate the need for complicated tank heating or cooling configu-
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rations (e.g., for liquefied storage of CO2 or CH4). The storage pressure has implications on

system performance similar to storage temperature in its impact on tank size and relation-

ship to the stored gas composition. However, the tank pressure also has a significant impact

on BOP power by defining the pressure ratio across the associated compressors and possibly

turbines. The tradeoff between power consumption from the compressors and storage tank

volume will be an important design decision illuminated by this work.

2.5.5 Configurations not considered in this work

The above discussion outlined the configurations and operating conditions that will be

considered in the proposed system, however it is important to also note the configurations

that are excluded from this research to maintain a practical scope. The excluded configura-

tions can be generally categorized as relating to the storage configurations, alternate thermal

management strategies such as coupled external heat sources or thermal energy storage, and

auxiliary reactors.

Alternate storage configurations

Various storage configurations are possible for the hydrogen, syngas, or synthetic natural

gas fuel compositions considered for fuel cell energy storage systems. In particular, the liter-

ature review in Chapter 3 will highlight the possibilities to store hydrogen in a magnesium-

hydride material, metal red-ox, and store hydrogen in a sealed fuel-channel stack in constant

contact with the ReSOC fuel electrode. An additional storage strategy that might be par-

ticularly complimentary with the thermal management strategy used in this research is to

utilize the existing natural gas pipeline infrastructure for storage of fuel species. These

storage configurations should be researched to assess feasibility, although this dissertation

considers only gaseous and/or liquid storage in vessels (i.e., tanks or underground caverns).

Various implementations of tanked storage can also be considered which influence system

cost and performance, although these are particularly relevant for dynamic system operation

which is not considered in this proposed work. For example, rigid storage tanks necessarily
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introduce a dynamic element to the system as the temperature and pressure of the stored

gases drop while the tank is discharged. Variable volume storage can help to mitigate this

dynamic variation. One possible fuel storage design has been proposed which consists of a

single rigid tank that is divided into two chambers by a movable piston (or partition). One

chamber discharges gases to the stack while the other chamber is filled with stack outlet

gases to be used in the opposite mode of operation. Thus, the chambers within the fuel

storage tank more closely approximate a variable-volume, constant pressure operating char-

acteristic. Alternatively, it may be possible to use a single tank which contains a mixture

of both “fuel” and “exhaust” compositions, although several characteristics of this approach

are expected to lead to reduced efficiency such as reactant depletion and increased auxiliary

compressor power.

External heat source

This research relies on the thermal management strategy of utilizing carbonaceous re-

actant compositions and selecting operating conditions which promote methanation in the

electrolysis mode. The following literature review explains the possibility to use phase change

materials for thermal energy storage between modes or couple the system with an industrial

process that generates waste heat or solar-thermal source. System efficiency can benefit by

using the waste heat in the electrolyzer to preheat reactant streams and evaporate water,

allowing the ReSOC stack to operate more efficiently.

Auxiliary reactors

Auxiliary chemical reactors including methanation and steam-methane reforming reactors

allow additional chemical conversion outside of the ReSOC stack. For example, a metha-

nation reactor can be employed downstream of the stack in SOEC mode to increase the

conversion of methane. The nickel catalyst in the ReSOC fuel electrode has good activity

for methane formation and conversion approaches near to equilibrium. However, the ReSOC
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must operate at relatively high temperatures for efficient electrochemical conversion, while

methane formation is promoted at low temperature. An auxiliary reactor can operate at

different conditions than the ReSOC stack so that the methane content of the stored “fuel”

is not thermodynamically limited by the conditions of the ReSOC stack.

If the stored fuel is converted to a methane-rich mixture in an auxiliary methane reactor

it might be unsuitable for direct feed into the ReSOC in SOFC mode. Thus a steam-methane

reforming reactor can be utilized to partially reform the methane-rich “fuel” gas and steam

mixture prior to electrochemical conversion in the ReSOC. Partial external reforming of

natural gas is a typical system implementation for SOFC power systems to improve electro-

chemical performance and durability by mitigating coke formation and extreme temperature

gradients from rapid reforming at the cell inlet. Additionally, both methanation and steam-

methane reforming reactions are catalyzed by nickel, such that it may be possible to utilize

the same reactor for both processes, favorably reducing capital cost. A separate study has

considered the use of an auxiliary methanation reactor in ReSOC energy storage systems

[95].
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CHAPTER 3

LITERATURE REVIEW

Developing energy storage systems with ReSOC technology requires research attention

toward both cell development and system design and integration. This literature review

summarizes past work in both of these areas that has informed the following system design

and analysis. First, a brief historical review of fuel cell energy storage is given.

The concept of generating hydrogen as a practical energy storage medium has be credited

to J.S. Haldane in 1923 [96] in his paper read at Cambridge University [97]. In this paper,

Haldane describes the future energy system in which metallic windmills supply the majority

of total electricity demand. Surplus power from the windmills is supposed to electrolytically

generate oxygen and hydrogen from water, which are stored in underground reservoirs and

used to generate electricity during times of deficit power using “explosion motors” or “oxi-

dation cells” [97]. This concept of electricity storage by means of hydrogen generation was

again presented by Erren and Campbell in 1933 [98] as a way to utilize off-peak power and

reduce coal imports. Several patents were also published in the early to mid 20th century

pertaining to use of hydrogen as an electricity storage method with electrochemical cells

[99–102].

More recent reviews of energy storage technologies describe fuel cell energy storage pro-

cesses [2, 4, 16, 18, 78, 103], meaning the coupling of fuel cells and electrolysis cells with

hydrogen and oxygen storage; although, the literature primarily associates this technology

with use of low temperature reversible PEM or alkaline cells. However, these low temperature

systems have limited roundtrip efficiency of 20-55% [104–106]. The so called “power-to-gas”

method in which hydrogen or synthetic natural gas are generated by electrolysis is being used

in Germany [107]. While power-to-gas and other similar approaches achieve the same energy

storage function sought by the systems explored in this dissertation (i.e., mitigating renew-
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ables curtailment), they are not reviewed here. Rather, this review focuses on stand-alone

reversible systems that use high temperature solid oxide cells and integrate fuel synthesis,

storage, and production functions into a single integrated system.

To the authors knowledge, the concept for using solid oxide cells in energy storage appli-

cations was initially indicated in a 1984 patent [108]. Shortly thereafter in 1987, D.J. Bents

of NASA published a system study analyzing a regenerative solid oxide cell system intended

to maintain constant power supply during space missions where the primary energy source is

a photovoltaic array [61]. Following this initial system analysis, relatively little research and

development effort was directed toward ReSOC systems; however, there has been a resur-

gence in the past 5 years including several patents related to ReSOC systems [109–113]. The

following section describes the most relevant publications related to ReSOC energy storage

system design and analysis.

3.1 System integration studies

Integrated energy storage systems using reversible solid oxide cells have been studied by

academic and industry research groups. Most of the prior work is limited to computational

modeling studies except for one laboratory scale prototype system. The studies encompass

a range of modeling fidelities, thermal management strategies, and intended applications

(e.g., scales and functions). One significant variation among the prior system studies is the

method by which heat is provided to the stack during electrolysis operation to offset the

endothermic electrochemical reactions. These systems also differ by the composition of the

generated fuel (e.g., hydrogen, syngas, hydrocarbons), and the storage medium (e.g., tanks,

geological features, metal hydrides, closed-stack). The most relevant studies are summarized

in Table 3.1.

Bents [61] proposed a solid oxide regenerative fuel cell intended to provide back-up power

supply in tandem with a photovoltaic array for space applications. The system converts pure

hydrogen and oxygen to water to generate electricity in the fuel cell and produces hydrogen

and oxygen from water in the reverse mode of operation. The thermal load required to
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evaporate water and overcome the endothermic electrolysis reaction is provided from waste

heat generated by operating the electrolyzer at a high voltage (i.e., lower efficiency). The

study notes that overpotential of 220-400 mV is required to provide the required waste heat,

depending on the system operating pressure. This high overpotential results in a relatively

low roundtrip efficiency of about 40% estimated from system modeling.

Guan et al. [114] analyzed a reversible solid oxide cell system operating in either hydrogen

production mode or dual-mode, where the system used natural gas to produce power during

times of high electricity demand. The system was evaluated based on the cost of hydrogen

production and found that operating in dual mode reduced to overall cost of hydrogen to

$3.70/kg and $2.68/kg for a distributed and central station, respectively. The electrolysis

system analysis found that hydrogen cost is minimized at a cell voltage of 1.2 V (i.e., below

the thermoneutral voltage) where excess heat is supplied by burning natural gas. Roundtrip

energy storage for peak-shaving and arbitrage applications was also analyzed and found to

be beneficial if the electricity price difference was sufficiently high (i.e., 0.15 /c/kWh vs. 0.21

/c/kWh for centralized peak-shaving). Roundtrip efficiency was not reported.

McElroy et al. [115] developed a bench-scale (1 kW) ReSOC system that stores the

excess heat generated during exothermic fuel cell operation (SOFC mode) in a phase change

material (PCM), specifically lithium fluoride with a melting temperature of 848°C. The hot

PCM then provided thermal energy to the stack during electrolysis (SOEC mode). The

study used a 1 kW rated stack and determined that about 450 W of thermal energy could be

transferred from the exothermic fuel cell stack to the PCM, but 490 W of resistive heating

was required to maintain the PCM temperature because of heat loss to the environment.

The excessive heat loss from the test-scale system was expected to be reduced for larger

systems and improved insulation, although further publications from this research have not

been found.

Bierschenk et al. [116] investigated promoting exothermic methanation in a ReSOC to

offset the thermal energy requirements associated with the endothermic electrolysis reac-
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tions. This method requires a carbonaceous reactant composition and employs the reverse

of the chemical reactions observed in a solid-oxide fuel cell with internal steam-methane

reforming. By carefully selecting the operating conditions include stack temperature and

pressure, thermodynamic calculations show that the roundtrip energy storage efficiency is

improved because the net thermal energy consumption in the electrolyzer is reduced. The

analysis shows that high pressure (10atm) and/or low temperature (600°C) operation is nec-

essary to promote the methanation reaction to the extent required for highly efficient energy

storage.

Ren et al. [117] modeled a ReSOC storage system utilized bronze with a melting tem-

perature of 1010°C as a thermal storage PCM to store excess heat from SOFC mode to

help maintain high temperature operation during SOEC mode. Furthermore, this study

employed a novel ReSOC stack design which has a sealed fuel chamber containing a mixture

of hydrogen and steam. Modeling results indicate energy storage efficiencies of 42% and 64%

at current densities of 0.649 and 0.325 A/cm2, respectively. The ReSOC stack model utilizes

pure oxygen as the oxidant delivered at an operating pressure of 70bar. Parasitic load and

thermal management associated with the oxidant system is not discussed.

Akikur et al. [46] proposed a ReSOC system where electrical input is provided solely

by an integrated photovoltaic (PV) array and used computational modeling to estimate

system efficiency and cost of electricity. The proposed system uses excess electricity from

the PV source to electrolyze steam and store the generated hydrogen. Electrolysis efficiency

is enhanced by heat supplied from a parabolic trough solar collector to overcome endothermic

electrolysis processes including preheating and evaporating stored water. When additional

electricity is required (e.g., at night), the stored hydrogen is used to generate electricity in

the SOFC. The study considers three modes of operation: (i) electricity produced from PV

and hydrogen produced from electrolysis, (ii) electricity produced from PV and electricity

produced from fuel cell, and (iii) power produced from fuel cell only. The reported CHP

efficiencies for each operating mode are 20%, 23%, and 83.6%, respectively. Over a year of
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operation, the annual cost of electricity for this system is estimated to be 0.068 $/kWh.

Shiraki et al. [118] presented modeling results from a ReSOC system which includes

hydrogen storage with a Mg-based metal hydride which is exothermic when absorbing hy-

drogen at 300°C with a heat release of 74 kJ/mol of absorbed hydrogen. The results show

that the electrolysis efficiency is improved from 94% to 107% when the hydrogen storage

system is implemented because the exothermic storage provides thermal energy to preheat

and vaporize reactant steam. Release of hydrogen in SOFC mode requires an equivalent

heat to the storage device, which is expected to be available from SOFC stack waste heat,

although the efficiency in the power producing mode is not reported. Furthermore, parasitic

losses from balance of plant, for example, are not mentioned in the efficiency calculation.

Al-musleh, et al. [119] presented modeling results for an electricity storage system using

ReSOCs which converts between stored liquid hydrocarbon fuels and liquefied carbon dioxide.

Reported roundtrip efficiencies are 55–59% and the storage of liquid reactants and products

supposes to make gigawatt-hour storage feasible. The analysis considers both methane and

methanol fuels synthesized from hydrogen produced in a solid oxide electrolysis cell and

stored CO2. The solid oxide cell is operated at the thermoneutral point in both modes (i.e.,

to supply heat for the electrochemical reactions in SOEC mode and supply heat to the fuel

reformer in SOFC mode).

Er-rbib et al. [120] analyzed a reversible power-to-gas system in which hydrogen and

carbon monoxide are produced by co-electrolysis in a solid oxide electrolysis cell and used to

form methane in a Sabatier process. The system uses the natural gas network as a storage

medium and is intended to generates power in the solid oxide fuel cell from reformed natural

gas during times of electricity deficit. The system design is focused on optimizing reactor

stages and product recycle in the methanation process to supply high purity methane to the

natural gas pipeline (99.1 mol.% after three adiabatic reactor stages). Roundtrip efficiency

and cost metrics are not reported.
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Table 3.1: Summary of the system integration literature review.

Reference System description Analysis method Key results
Bents, D.J.,
1987 [61]

10 kW monolithic
stack, tanked liq.
H2O with H2, tanked
O2, variable pressure
system (5-100 atm),
external radiative
cooling loop

Steady state compu-
tational system-level
model, component
sizing

40% roundtrip effi-
ciency, higher energy
density compared to
established battery
technologies

McElroy, J.F.
et al., 2004
[115]

1 kW bench-scale sys-
tem, steam-hydrogen
conversion, LiF phase
change material for
thermal management

Bench-scale proto-
type experimental
performance

63% roundtrip volt-
age efficiency, stack
is not thermally
self-sustained at this
power rating

Guan, J., et
al., 2006 [114]

Natural gas fueled
fuel cell mode, heater-
assisted H2 production
electrolysis mode

Steady-state compu-
tational system-level
model, techno-
economic perfor-
mance

Dual-mode operation
reduces cost of elec-
tricity, lowest cost of
hydrogen production
at 1.2 V/cell

Bierschenk,
D.M., et al.,
2011 [116]

Tanked synthetic fuel
and exhaust gases,
highly simplified
system representation

Thermodynamic cal-
culations, cell-level
experimental results
showing methane
synthesis in SOEC

Roundtrip efficiency
> 80% possible by
operating at 600°C
and 10 atm with car-
bonaceous reactants

Al-musleh,
E.I., et al.,
2014 [119]

Closed cycle between
liquid CO2 and liquid
carbon fuels, SOEC
hydrogen production
followed by synthetic
fuel synthesis reactors

Computational
system-level model,
steady-state, exergy
analysis

Roundtrip efficiency
of 55-59%, various
C1 and C2 fuels have
good properties for
the proposed system

The studies reviewed above and summarized in Table 3.1 illustrate the various possible

thermal management strategies that have been considered for implementing energy storage

with ReSOCs. The scarcity of studies exploring any single thermal management strategy

suggests that additional research is required to clarify the advantages and disadvantages of

each approach. Furthermore, comprehensively evaluating ReSOCs for energy storage appli-

cations requires first establishing which thermal management strategies are most promising.

The dissertation proposed in this document explores the strategy proposed by Bierschenk et
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al. [116] of operating a ReSOC with carbonaceous reactant compositions at conditions which

favor the methanation reaction as a significant component of an overall thermal management

strategy. Successful implementation of this proposed system requires operating the cell un-

der conditions that are somewhat different than typical solid oxide cells including galvanic

cycling, intermediate temperature, and elevated pressure. A brief review of the capabilities

of ReSOCs under these conditions is provided next.

3.2 ReSOC research and development critical to energy storage applications

Along with the system level considerations associated with ReSOC energy storage sys-

tems, cell-level challenges persist relating to durability and operating ranges. Cell devel-

opment is not a focus of this research, although understanding performance capabilities of

the technology is vital in accurately representing ReSOC systems through computational

modeling. Much of the literature is based on individual mode operation (i.e., either fuel cell

or electrolysis operation only); however, motivated by more recent interest in using ReSOCs

for energy storage some studies consider cyclic operation of a ReSOC in both modes.

Xu et al. [50] proposed a device in which the ReSOC is coupled with a metal red-ox

hydrogen storage unit. Experimental results indicate a high roundtrip efficiency of 91.5%,

although the kinetics of the red-ox storage method limit the operating current density to

50 mA/cm2. Furthermore, this study presents results from 10 charge/discharge cycles of

10 minutes each which shows stable operation in both modes. Several additional publica-

tions from the same research group have explored durability and performance of ReSOCs

for storage applications including intermediate temperature operation [121, 122], additional

considerations related to the iron-based red-ox storage process [123], and computational

modeling of the proposed device [124].

Zhang et al. [125] developed an experimental testing rig to evaluate performance of

ReSOCs in both modes. Durability tests were performed for 100-4000 hours on cells provided

by MSRI, Ceramatec, St. Gobain, and SOFCPower which had been developed for use as

solid oxide fuel cells. During electrolysis mode testing, the Ceramatec button cell showed
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performance improvement, while the MSRI test showed low degradation, and the St. Gobain

and SOFCPower cells showed rapid degradation. This report notes that cells developed

specifically for SOFC applications are not necessarily directly applicable for use as electrolysis

cells or ReSOCs.

Hughes et al. [51, 126] evaluated LSM-YSZ | YSZ | LSM-YSZ symmetrical cells under

galvanic cycling conditions. No measurable performance degradation was recognized for

current densities below 0.5 A/cm2, although rapid increase in both ohmic and polarization

resistance was observed for current densities of 1.5 A/cm2. Another study [60] also shows

no degradation at 0.5 A/cm2 for 1000 hours of cyclic operation and further attributes the

degradataion at 1.5 A/cm2 to delamination of the electrode. The degradation rate decreases

with decreased current density and decreased cycle duration.

Wonsyld et al. [127] reported durability performance of 10- and 20-cell ReSOC stacks

operating on under steam-electrolysis, co-electrolysis, and syngas-fueled power producing

modes. No degradation was observed over the course of 113 2-hour cycles for the 10-cell

stack, while the 20-cell stack operating at higher temperature showed low degradation rates

of 1.44 and 0.10 mΩ/cm2-cycle were shown in electrolysis and fuel cell modes, respectively.

The degradation rate is suggested to be low in the temperature range of 760–790°C.

The systems modeled in this dissertation rely on operating ReSOCs under conditions

which are not typical in state-of-the-art SOFCs or SOECs, specifically at intermediate tem-

perature and high pressure. However, significant research attention has been devoted to

these operating conditions to improve efficiency and reduce cost (see Section 1.1.2). Al-

ternative electrolyte materials are considered with higher conductivity than YSZ at low-

to intermediate-temperatures [31, 128, 129], for example Sr- and Mg-doped lanthanum gal-

late [73], Sm- or Gd-doped ceria (SDC or GDC) [130–132], and Sc-stabilized zirconia (SSZ)

[133]. This review is not intended to comprehensively detail the present state of reduced

temperature solid oxide cell research. Rather, it provides some context to show that efficient

ReSOC operation has been demonstrated and is being improved over a wide temperature
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range of 500-1000°C. Operating characteristics of LSGM-electrolyte ReSOCs are the focus

of this dissertation and some additional details on these promising intermediate temperature

cells is included in Chapter 5.

Pressurized ReSOC operation has been widely considered to improve cell and system

efficiency. Pressurized operation reduces kinetic and concentration overpotentials and in-

creases the open-circuit voltage (most favorable for SOFC mode operation). Various studies

have shown the results of pressurization at the cell level both experimentally [59, 134–137]

and theoretically [56, 57, 138], and at the system level [55, 63, 65]. Most of the research on

pressurized cells explores pressures below 20 bar.
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CHAPTER 4

THERMODYNAMIC CONSIDERATIONS

Thermodynamic analysis is useful in determining theoretical performance of any ther-

mochemical system. For ReSOC energy storage systems, thermodynamics can predict the

theoretical maximum roundtrip efficiency by considering the energetics of both fuel cell and

electrolysis processes. Another benefit of analyzing the system thermodynamics is to under-

stand the performance impact of key operating conditions. For the system under consider-

ation, which operates with carbonaceous reactant mixtures, the energy conversion process

in the ReSOC stack involves both electrochemical and heterogeneous reactions, making the

thermodynamic analysis more complicated than for a single reduction-oxidation reaction. In

this chapter, thermoneutral and reversible (i.e., open-circuit) voltage parameters are defined,

which represent the total energy and electrical energy associated with an electrochemical con-

version process, respectively. The thermoneutral voltage has been used previously in water

electrolysis applications to understand energetic system requirements, but here it is defined

more broadly to account for the carbonaceous compositions used in the present system.

By analyzing these voltage parameters over a range of conditions, the performance impact

of ReSOC operating temperature, pressure, reactant composition, and utilization is under-

stood. Conclusion gleaned from these parametric studies help to explain the effect of these

operating parameters on system level studies in the following chapters.

4.1 Ideal ReSOC operation for energy storage applications

Before exploring the effect of operating conditions on ReSOC thermodynamics, it is

important to consider ideal operation of ReSOCs for energy storage. Here, ideal operation is

considered to be maximum roundtrip efficiency with considerations for both stack and system

efficiency loss. In the following subsections, the theoretical roundtrip stack efficiency is

defined. Next, the theoretical roundtrip efficiency is considered for electrochemical reactions
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including steam/hydrogen, CO/CO2, and methane red-ox. Finally, the thermoneutral and

reversible voltage parameters are defined and their utility in determining desirable operating

conditions is explained from the viewpoint of stack and system operation.

4.1.1 Theoretical roundtrip stack efficiency

For roundtrip energy storage in reversible solid oxide cells, the theoretical maximum

roundtrip stack efficiency is defined as the maximum electrical energy generated in fuel cell

mode divided by the minimum total energy required in electrolysis mode.

ηRT,thermo =
max energy generated by fuel cell

min energy required by electrolysis cell
(4.1)

In most red-ox reactions, for example steam/hydrogen or CO2/CO, the magnitude of the

enthalpy change is larger than the magnitude of the Gibbs free energy change and the

thermodynamic roundtrip efficiency is defined as:

ηRT,thermo,∆S<0 =
∆G

∆H
(4.2)

where the maximum work generated in fuel cell mode is the change in Gibbs free energy, ∆G

and the total energy required in electrolysis mode is the change in enthalpy, ∆H. However,

this definition is only applicable when the change in entropy, ∆S is negative for the oxidation

(i.e., fuel cell) process. In other words, if the value of ∆S is positive, Equation 4.2 suggests

efficiency exceeding 100% because ∆H and ∆G are both negative values and ∆H = ∆G +

T∆S.

Here, ∆H and ∆G represent the change in the thermodynamic property of an oxidation

process; although, the property change of the reduction process is simply the negative of

the oxidation process. In other words, the represented processes may be, for example, H2

+ 1/2O2 ↔ H2O or “fuel” ↔ “exhaust”, where the given ∆H and ∆G are for the forward

direction (i.e., oxidation) and reduction is represented by the reverse processes.
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For the case of positive entropy change of oxidation (i.e., ∆S > 0), the efficiency definition

is:

ηRT,thermo,∆S>0 =
∆H

∆G
(4.3)

where the maximum energy generated by the fuel cell is equal to the enthalpy change. A

positive entropy change indicates that the electrochemical oxidation reaction has a deficit of

thermal energy, which must be supplied by either heat or electricity (i.e., increased overpo-

tential). Said differently, the fuel cell process can generate net energy equal to the enthalpy

change, which is smaller than the maximum work output (i.e., Gibbs free energy change)

because the endothermic process must be overcome by supplying the difference, T∆S. This

is analogous, but opposite, to typical steam electrolysis where a portion of the energy re-

quired for hydrogen generation can be supplied as heat (i.e., up to a value of T∆S). The

denominator in Equation 4.3 suggests that the electrolysis process requires an electricity

input equal to ∆G, although the generated fuel only has an energy content equal to ∆H.

The excess electricity supplied to the electrolysis process (i.e., T∆S) is converted to waste

heat because the electrochemical reaction is net exothermic.

It is important to note that oxidation processes with a positive entropy change are uncom-

mon (e.g., complete oxidation of carbon to carbon monoxide), and the theoretical roundtrip

efficiency of most red-ox reactions is described by Equation 4.2. That being said, the fol-

lowing results will show that for carbonaceous mixtures under certain operating conditions,

the overall entropy change of the process (i.e., “fuel” → “exhaust”) is positive, due to high

rates of in-situ fuel reforming coupled with electrochemical oxidation.

Finally, in the case of ∆S = 0, the thermodynamic roundtrip efficiency is 100%. In other

words, both fuel cell and electrolysis processes are thermoneutral, meaning that all electricity

input to the electrolyzer can theoretically be converted to chemical energy of the produced

fuel, and all chemical energy stored in the fuel molecules can theoretically be recovered as

electricity.
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The theoretical efficiency definitions above assume that all energy conversion occurs in the

ReSOC stack, which is not strictly true under configurations where auxiliary reactors and/or

turbomachinery interact in the system BOP. For example, including a stack tail-gas expander

can recuperate electrical energy from waste heat in the electrochemical conversion, allowing

the roundtrip system efficiency to potentially exceed theoretical roundtrip stack efficiency

as defined in Equation 4.1. Because the energy recovered from waste heat is limited by the

waste heat available, the theoretical system efficiency is ultimately still limited to <100%.

4.1.2 Pure red-ox reaction thermodynamics

The thermodynamic efficiencies defined in the previous subsection are now used to com-

pare the theoretical roundtrip performance of different red-ox chemistries, including steam-

hydrogen (H2 + 1/2O2 ↔ H2O), carbon dioxide-carbon monoxide (CO + 1/2O2 ↔ CO2),

and methane (CH4 + 2O2 ↔ 2H2O + CO2). The ∆H, ∆G, and theoretical efficiency for

these three reactions are given as a function of temperature in Figure 4.1 - Figure 4.3. The

thermodynamic quantities are converted to voltage units by dividing by the charge transfer

associated with the red-ox reaction (i.e., “nF”), where n is the number of electrons trans-

ferred in each reaction (e.g., n=2 for steam-hydrogen and carbon monoxide-carbon dioxide,

and n=8 for methane red-ox). Notably these reactions all have a negative entropy change

for oxidation, so the efficiency is calculated by Equation 4.2.

For the steam-hydrogen case (see Figure 4.1), the maximum roundtrip efficiency decreases

with increased temperature because more waste heat (T∆S) is generated during fuel cell op-

eration. The electrical energy requirement for electrolysis is equivalent to the maximum

electricity generation in fuel cell mode (∆G), although the additional energy (T∆S) must

be provided as either heat or electricity (i.e., via increased overpotential). The theoretical

maximum efficiency for the steam-hydrogen case falls below 80% at 625°C. The CO/CO2

red-ox shows a similar trend to steam-hydrogen (see Figure 4.2), although has slightly worse

performance compared with the steam-hydrogen case due to higher entropy change. Op-

erating temperature below 400°C is required to achieve >80% roundtrip efficiency. The
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Figure 4.1: Thermodynamic performance of steam-hydrogen red-ox for gaseous and liquid
reactants as a function of temperature.
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Figure 4.2: Thermodynamic performance of carbon monoxide-carbon dioxide red-ox for
gaseous reactants as a function of temperature.

68



200 400 600 800 1000
0S0

0S3

0S6

0S9

1S2

1S5

Temperature y°CV

CH4 g 2O2 2H2O g CO2

G/nF ~ H/nFE T ~0

MaxMroundtripMefficiency

V
o

lt
ag

e
yV

VE
E

ff
ic

ie
n

cy
Max roundtrip efficiency yliqS H2OV

↔

Δ

 

ΔΔ S

Figure 4.3: Thermodynamic performance of methane red-ox for gaseous and liquid reactants
as a function of temperature.

thermodynamic performance of the methane red-ox reaction is shown in Figure 4.3. For this

reaction, the T∆S term is nearly zero, indicating almost complete reversibility, and nearly

100% theoretical efficiency independent of operating temperature.

The thermodynamic results in Figure 4.1 and Figure 4.3 also include the maximum

roundtrip efficiency when the reactant water is considered to be in the liquid phase by

including the latent heat of water vaporization in the reaction enthalpy. This calculation

indicates the efficiency penalty associated with needing to boil water, which is around 10

percentage points, and motivates system designs where H2O is maintained in a vapor phase

during storage to achieve higher roundtrip efficiency.

Because of several practical operating limitations, including the inability to directly elec-

trochemically convert or produce CH4, the ideal case of methane red-ox cannot be executed.

However, the operating conditions and catalytic activity of ReSOC material sets enable in-

direct methane red-ox reactions. Carbon deposition and reactant utilization limitations also

require that the ReSOC reactants and products are not pure or in stoichiometric ratios as

indicated by the reaction equation in Figure 4.3. In fact, the tanked gases will be some mix-

ture of syngas and exhaust species falling somewhere in between the pure hydrogen, carbon
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monoxide, and methane oxidation cases. The thermodynamics of the practical operating case

can be assessed by assuming equilibrium of reactants and products; this method is described

in Section 4.2 and results presented in Section 4.4. First, the next subsections define the

thermodynamic voltage parameters and explain additional thermodynamic considerations

from the alternate viewpoint of system operation as opposed to the reaction chemistry.

4.1.3 Thermoneutral voltage

The thermoneutral voltage, VTN (also referred to as thermal-neutral voltage or reaction

voltage) is a useful parameter for quantifying the heating and/or cooling requirements of

a ReSOC and has been employed previously in the literature in the context of thermal

management for steam electrolysis and co-electrolysis studies [30, 32, 56, 67, 139–142]. The

thermoneutral voltage is typically defined as the change in enthalpy (i.e., heat of reaction)

associated with the electrochemical reaction per unit of charge transferred:

VTN,rxn = −∆hrxn

nF
(4.4)

where ∆hrxn is the enthalpy of an electrochemical oxidation reaction. The thermoneutral

voltage for the steam-hydrogen electrochemical red-ox reaction (Equation 2.1) is VTN ,H2/H2O

= 1.29V at 800°C as shown in Figure 4.1.

Figure 4.4 shows VTN ,H2/H2O on a typical current-voltage plot and the operating regions

(voltages) where heat is generated or consumed. In fuel cell mode, net heat is generated

at all current densities because the energy generated by the exothermic fuel cell reaction is

greater than the energy removed from the stack as electric power. Thus, the heat generation

region in SOFC mode corresponds with cell voltages below the thermoneutral voltage (i.e.,

VSOFC < VTN). If the ReSOC temperature is too high it may be irreversibly damaged and

become unsafe, so the net exothermic process must be offset. Solid oxide fuel cell stacks are

cooled by excess oxidant flow and/or internal heat sinks, such as endothermic fuel reforming.

In contrast, an electrolyzer must be operated at a cell voltage greater than the ther-

moneutral voltage (VSOEC > VTN) to generate net heat. When this condition is satisfied, the
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Figure 4.4: Representative current-voltage characteristic showing regions of excess heat gen-
eration and heat deficit.

electrical energy supplied to the stack is greater than the thermal energy required by the

endothermic electrolysis reaction.

To generate net heat in both modes of operation without an external heat source, the

following condition must be met:

VSOEC > VTN > VSOFC (4.5)

This condition can be satisfied with reasonably low overpotential if the thermoneutral volt-

age is reduced. Motivated by increasing interest in co-electrolysis of H2O and CO2, some

studies have broadly defined the thermoneutral voltage to include the thermal impact of

all chemical and electrochemical reactions occurring within an SOEC stack. By defining

thermoneutral voltage in this way, its value can be manipulated by careful selection of the

operating conditions. For example, Bierschenk et al., [116] have explored the dependence of

thermoneutral voltage on operating temperature and pressure in the context of a ReSOC en-

ergy storage system in which tail-gases are captured and tanked (i.e., similar to that shown

in Figure 1.4). Sun et al., [56] have shown the effect of operating temperature, pressure,

fuel utilization, and fuel composition on thermoneutral voltage in the context of synthetic
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hydrocarbon fuel production via co-electrolysis.

4.1.3.1 Deriving the thermoneutral voltage

A general definition of the thermoneutral voltage is the cell voltage at which the net heat

consumed by all of the cell reactions (both electrochemical and chemical) exactly balances

the heat generated by the passage of current through the internal cell resistance, thereby

resulting in no net heat evolution from the cell. In other words, it is the voltage at which

the ReSOC operates both isothermally and adiabatically. This definition is particularly

useful when considering carbon-containing feedstocks in which either electro-oxidation or

electro-reduction and thermal reforming reactions occur. In practice, a ReSOC with internal

thermal reforming reactions will not be strictly isothermal because of temperature gradients

associated with the finite reaction rates. For these cases, the thermoneutral voltage has been

previously defined as the cell voltage that causes the gas temperature at the cell outlet to

equal the temperature of the gases entering the cell [143].

ReSOC
stack

Fuel in Fuel out

Oxidant in Oxidant out

Power, Ẇ = iVcell

Control
volume

Heat, Q

Figure 4.5: Control volume and associated gas stream and energy flows for a ReSOC stack.

A mathematical definition for VTN is developed from a steady-state energy balance on

the ReSOC stack shown in Figure 4.5:

Q̇− Ẇ = (Ḣfuel,out + Ḣox,out)− (Ḣfuel,in + Ḣox,in) (4.6)
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where Q̇ is the net heat transferred to the ReSOC from the environment, Ẇ is the electric

power generated, and Ḣ is the enthalpy rate of each of the gas flow streams. The electric

power is further defined as Ẇ = iVcell where i is the current and Vcell is the cell voltage

(i.e., VSOFC or VSOEC). When the ReSOC is operated adiabatically (Q̇ → 0) and isother-

mally, the thermoneutral voltage definition is satisfied such that the cell voltage becomes

the thermoneutral voltage (Vcell → VTN). Applying these conditions to Equation 4.6, the

thermoneutral voltage is revealed as:

VTN = −(∆Ḣfuel + ∆Ḣox)/i (4.7)

To more easily interpret the general definition given in Equation 4.7, the change in

enthalpy of the flow streams, ∆Ḣ can be expressed alternatively as the enthalpy change

associated with the reactions occurring within the ReSOC:

VTN = −(
rredox

i
∆hredox +

rreforming

i
∆hreforming +

rshift

i
∆hshift) (4.8)

where rk and ∆hk are the rate and enthalpy of reaction k as represented by reaction Equations

2.1–2.3. The above substitution is specific to a cell in which the reactants are limited to the

6-species involved in Equations 2.1–2.3. Additional reaction equations must be added to

Equation 4.8 when other reactive species are present (e.g., carbon, ethane, propane, etc.).

In Equation 4.8, VTN is reduced by increasing rreforming (methane-reforming / methana-

tion) and reducing rshift (water-gas shift / reverse shift). VTN is most significantly affected by

changes to rreforming because ∆hreforming/∆hshift ≈ 6.5. This mathematical interpretation af-

firms that promoting endothermic steam-methane reforming in SOFC mode and exothermic

methanation in SOEC mode reduces the thermoneutral voltage.

The derivation for Equations 4.8 is independent of whether the ReSOC is operated in

fuel cell or electrolysis mode; the current and each of the reaction rates have opposite signs

if the polarity is switched. Additionally, consider that for a fuel stream with no carbon

containing species (CO, CO2, CH4), rreforming and rshift equal zero. For this special case,

Equation 4.8 is equivalent to Equation 4.4 because of the relationship between the current
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and the electrochemical reaction rate, i = rredoxnF .

4.1.3.2 Quantifying thermal requirements using the thermoneutral voltage

The thermoneutral voltage can be used to quantify the amount of excess heat generated

by an isothermal ReSOC. By combining Equations 4.6 and 4.7, net heat consumed by an

isothermal stack is calculated as:

Q̇ = i(Vcell − VTN) (4.9)

Net heat is generated by the stack if Q̇ < 0. Significant differences between Vcell and VTN

result in large magnitude Q̇ which may negatively impact system roundtrip efficiency through

increased BOP power consumption. For example, if there is a large amount of heat generated

by the ReSOC, an increased oxidant flow is required to cool the stack leading to increased

compressor power. On the other hand, in designing a distributed energy storage technology it

is important that the system generate enough heat for the system processes (e.g., preheating

stack inlet steams) as well as to account for losses to the environment.

The thermoneutral voltage may be further understood by exploring the relationship be-

tween the net heat consumption of a ReSOC and the thermodynamics of a red-ox reaction.

For example, consider a pure red-ox reaction such that the thermoneutral voltage is cal-

culated by Equation 4.4. By substituting Equations 2.6 and 4.4 into Equation 4.9 and

recognizing that Vcell = EN − η, the net heat consumed by the ReSOC is calculated as:

Q̇ = i(−∆g

nF
− η +

∆h

nF
) = i(

T∆s

nF
− η) (4.10)

where ∆s is the entropy change of the reaction. When the cell is operated at the thermoneu-

tral voltage, no net heat is consumed by the cell, leading to:

ηTN =
T∆s

nF
(4.11)

where ηTN is the overpotential required to reach the thermoneutral voltage. For the hydro-

gen oxidation reaction, for example, the change in entropy is negative, such that a negative

overpotential is required to operate at the thermoneutral voltage. This implies drawing
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power from a fuel cell that is operated above open-circuit voltage, which is not a physically

realistic result. It does, however, highlight the exothermic nature of the oxidation reaction

at any overpotential (see also Figure 4.4). Alternatively, when considering the steam elec-

trolysis reaction, ∆s is positive and the overpotential required to reach the thermoneutral

voltage is equivalent to the thermal energy required by the reaction (T∆s) per unit of charge

transferred.

4.1.4 Reversible voltage

The reversible voltage was previously defined for a single red-ox reaction in Section 2.2.3

as the change in Gibb’s free energy divided by the charge transfer. For the same reasons

discussed in the previous section to broaden the definition of the thermoneutral voltage, here

the reversible voltage, EN is defined as the change in Gibb’s free energy of the isothermal

and isobaric process depicted in Figure 4.5:

EN = −(∆Ġfuel + ∆Ġox)/i (4.12)

where EN represents the maximum voltage of the oxidation process and the minimum voltage

required in electrolysis mode for a general roundtrip electrochemical conversion. Importantly,

the reversible voltage definition in Equation 4.12 simplifies to Equation 2.6 for a single red-

ox reaction with pure inlet streams. However, this broader definition captures additional

affects that are neglected when a single red-ox reaction is assumed, for example the effects

of reactant incomplete conversion and dilution.

4.1.5 Approach to selecting desirable ReSOC operating conditions

An energy storage system based on ReSOC technology has several unique attributes,

and achieving high roundtrip efficiency necessitates balancing what are essentially compet-

ing effects in each mode of operation. In particular, selecting operating conditions that are

typically attractive when operating in forward, power producing mode (i.e., SOFC oper-

ation), such as at elevated pressure or temperature, generally do not produce a similarly
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favorable performance enhancement when the cell is operated in reverse (i.e., in electrolysis

mode). The utility of the thermoneutral voltage as a performance parameter becomes more

apparent when trying to resolve these conflicting tendencies in selecting desirable operating

conditions.

The discussion in this chapter, as well as Chapter 2 has illustrated the benefits of op-

erating a ReSOC stack at low overpotential (i.e., high VSOFC, low VSOEC) to achieve high

round-trip efficiency (Section 2.5.1) and reducing the thermoneutral voltage to reduce the

BOP energy requirements (Section 4.1.3.2). To summarize, in SOFC mode, it is desirable

to operate the stack at a voltage slightly below VTN to generate heat but with relatively low

stack cooling requirements and slightly below EN for high stack efficiency (i.e., low overpo-

tential). In SOEC mode, it is desirable to operate slightly above the VTN to generate a small

amount of heat which can enable self-sustaining thermal operation and slightly above EN

for high stack efficiency. These conditions are achievable when VTN is lowered to near EN ,

such that:

VTN ≈ EN (4.13)

This ideal operating point is consistent with the efficiency definitions in Section 4.1.1, where

100% theoretical efficiency is predicted when ∆H = ∆G, in that VTN and EN are calculated

from ∆H and ∆G, respectively. Equation 4.13 is used throughout the parametric analysis

results in this chapter to assess “desirable” stack operating conditions that are expected to

result in high roundtrip system efficiency.

4.2 Calculation procedure for estimating thermodynamic voltages

The thermoneutral and reversible voltages are calculated using Equations 4.7 and 4.12,

respectively. Calculating these voltages is complicated for a carbonaceous fuel because the

impact of heat generated and consumed by the fuel reforming chemical reactions must be ac-

counted for. The rates of these reactions depend on the change in fuel composition across the

stack. Therefore, VTN and EN can be quantitatively estimated when the fuel compositions
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at both the inlet and outlet of the stack are specified and the appropriate molar balances are

applied. For this analysis, VTN and EN are estimated by assuming that the fuel compositions

at the stack inlet and outlet are in equilibrium at the stack operating conditions (T, p) and

that the ReSOC is isothermal and isobaric.

Selectzthezoperating
conditionszincluding

T,zp,zHTCR,zUf,
andzoxidant

Calculatezthezwfuelw
compositionzat

equilibriumz1T,zp2

Calculatezthezwexhaustw
compositionzat

equilibriumz1T,zp2zusing
thezfuelzutilization

Calculatezthe
thermodynamic
propertiesz1g,zh2

forzallzflowzstreams

Calculatezthezcurrentzby
relatingzthezchemistry

andzelectricity,zi=rredoxnF

CalculatezVTNzandzEN
zusingzEquationsz4.7

andz4.12

Figure 4.6: Calculation sequence for estimating the thermoneutral and reversible voltages
with equilibrium compositions

The calculation sequence for estimating the voltage parameters is shown in Figure 4.6.

This procedure involves selecting the ReSOC operating temperature, pressure, fuel utiliza-

tion, and inlet fuel composition. The species mole fractions in the reactant and product

mixtures are calculated from a given hydrogen-to-carbon ratio, fuel oxygen content, and fuel

utilization. The considerations for selecting appropriate HTCR and fuel oxygen content are

given in Section 4.3. The “fuel” mole fractions (i.e., SOFC inlet composition) are calculated

from a selected HTCR and equilibrium conditions. Next, the “exhaust” composition (i.e.,

SOEC inlet) is calculated at equilibrium from a prescribed fuel utilization. The oxidant /

sweep-gas stream flowrate and composition must also be selected to account for the enthalpy

and Gibbs free energy change in the oxygen channel. For the results given here, the oxidant

/ sweep-gas is set to pure oxygen at an arbitrarily large flowrate, which eliminates the effect

of dilution when, for example, air is used. However, the formulation of Equation 4.12 is

able to capture the effects of oxidant dilution through the mixing entropy in the Gibbs free

energy calculation.
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The thermodynamic properties of the flow streams are found from the known inlet and

outlet gas compositions and an arbitrary flowrate. The current is calculated from the rate of

the electrochemical reaction, which can be determined based on a molar balance between the

“fuel” and “exhaust” streams. The current could alternatively be calculated by considering

the rate of change in atomic oxygen content between the two known gas compositions and

the fact that each oxygen atom has an associated charge transfer of 2 electrons. Finally, the

thermoneutral and reversible voltages are calculated from Equations 4.7 and 4.12.

Calculating the thermodynamic properties of the inlet and outlet compositions (i.e.,

“fuel” and “exhaust”) requires selecting the inlet flow rate. The selected flow rate is arbitrary

when calculating the thermodynamic voltages under the present assumptions because the

rates of reactions are proportional to the current. Another way to consider this is that the

extensive parameters (current, molar flow rates, reaction rates) scale proportionally.

The thermodynamic voltages are independent of the mode of operation for the assump-

tions used in this analysis. Specifically, when considering SOEC mode, the rates of reaction

and current are the same magnitude as in SOFC mode, but opposite sign. However, VTN

and EN may differ between operating modes for systems where chemical conversion occurs

outside of the ReSOC stack (e.g., for systems with auxiliary reforming or fuel synthesis re-

actors, or when chemical conversion occurs during storage). The equilibrium assumption

used here is reasonable for an ReSOC system application because the stack inlet gas com-

position is equivalent to the stack outlet composition in the opposite mode of operation and

near-equilibrium is typically achieved in ReSOCs [144].

4.2.1 Thermodynamic property values

When generating results using the calculation procedure described above, it is essential

to use appropriate thermodynamic property formulations and equations of state. A ther-

modynamic analysis of water electrolysis by Todd et al. [139] revealed that errors of 10%

and 22% were observed for thermoneutral and reversible voltages, respectively, if ideal gas

was assumed when calculating thermodynamic properties. The errors were calculated by
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comparison to thermodynamic properties calculated using a non-dimensional Hemlholtz free

energy function based on high fidelity equations of state from, e.g., the International Asso-

ciation of Properties of Water and Steam, National Institute of Standards and Technology,

and International Council for Science : Committee on Data for Science and Technology. The

error observed from the ideal gas method increases with increased temperature and pressure

up to 1000 K and 100 bar.

Here, two thermodynamic property methods are compared. The first uses an ideal gas

relationship and Kay’s mixing rule with enthalpy and Gibbs free energy properties taken from

Engineering Equation Solver, such that the mixture enthalpy and entropy are calculated by:

hmix =
∑

xihi(T ) (4.14)

gmix =
∑

xi(hi(T )− T s(T, pi)) (4.15)

The second method uses MultiFlash commercial software package (Version 4.3) with

Redlich-Kwong-Soave (RKS) equation of state. The results comparing these two methods

over a range of temperatures and pressures are given in Figure 4.7. These results indicate

that errors less than 1.1% and 0.5% are expected from the ideal gas assumption for the ther-

moneutral and reversible voltages, respectively. The error increases with increased pressure

and < 0.1% error is observed at 10 bar. The remaining thermodynamic results are calculated

using the ideal gas assumption. System modeling presented in the later sections uses real-gas

properties as found in Engineering Equation Solver with ideal mixing.

4.3 Gas composition considerations

A discussion of the reactant gas compositions is given in Section 2.2.2 including con-

siderations for carbon deposition, energy density, and thermal management. Here, those

considerations are used to inform the selection of compositions to be used in the following

thermodynamic calculations. Recall that the system operates with two distinct composi-

tions, referred to as the “fuel” and “exhaust” which have equivalent hydrogen-to-carbon
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Figure 4.7: Error between ideal gas and Redlich-Kwong-Soave thermodynamic calcula-
tions for thermodynamic voltage parameters calculated with equilibrium compositions at
HTCR=10, oxygen content of 5% and 60% fuel utilization.

ratio, but different level of oxidation (i.e., atomic oxygen content). The two gas composi-

tions are conveniently represented on the C-H-O ternary diagram given in Figure 4.8. The

relevant species for a ReSOC system are H2, CO, CH4, H2O, and CO2 [145]. The equilibrium

mole fractions of these five species can be calculated from the atomic ratios (e.g., hydrogen-

to-carbon ratio and oxygen content) for a given temperature and pressure. Solid Carbon

should also be accounted for in ReSOC analysis, but the H/C/O ratios are selected in this

study such that carbon is not present at equilibrium.

Figure 4.8 shows the fully-oxidized fuel region and the carbon deposition region (where

solid carbon deposition is thermodynamically predicted at equilibrium [88–90]). The carbon

deposition boundary lines in Figure 4.8 cover a range of possible temperatures and pressures

that will be explored as ReSOC stack operating conditions in Section 4.4.

Selection of viable gas compositions must mitigate carbon deposition, ensure sufficient

methane for thermal management, and allow high fuel energy density for increased energy

storage capacity. To achieve these requirements, the gas composition entering the stack

in SOFC mode should be furthest from the fully oxidized region, while not crossing the
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temperatures and pressures. Also shown are several selected fuel gas compositions and one
example exhaust gas composition

carbon deposition boundary. Table 4.1 lists several possible fuel tank gas compositions

which correspond to those shown in Figure 4.8. These fuel compositions are characterized

by their hydrogen-to-carbon ratio. When the HTCR is decreased (i.e., more carbon in the

fuel), more oxygen is required to mitigate carbon deposition. The HTCR → ∞ case is

included for reference to purely steam-hydrogen fuel compositions.

Table 4.1: Potential fuel gas compositions used in the thermodynamic analysis.

HTCR %C %H %O
4 14.0 56.0 30.0
6 11.5 69.0 19.5
10 8.10 81.0 10.9
15 5.80 87.0 7.20
40 2.35 94.0 3.70
∞ 0.00 97.0 3.00
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Figure 4.9 shows the mole fractions of the fuel tank gas composition as a function of

HTCR for equilibrium conditions of 750°C and 10 bar. The methane mole fraction peaks

around HTCR=10 because (i) at low HTCR, the high percentage of oxygen required to mit-

igate carbon deposition leads to high percentages of carbon-containing CO and CO2, and

therefore, less CH4, and (ii) at high HTCR, the relatively lower amount of carbon leads

to less CH4 and more H2. As the HTCR increases, CO, H2O, and CO2 species concentra-

tions all decrease because less oxygen is required in the fuel composition to prevent carbon

deposition. Figure 4.9 also shows the CH4 mole fraction for a reduced temperature equilib-

rium composition (600°C). The mole fraction of CH4 is higher for the low temperature case,

particularly at low HTCR.
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Figure 4.9: Equilibrium composition (left) at 750°C and 10 bar and lower heating value
(right) as a function of hydrogen-to-carbon ratio.

The lower heating value (LHV) is an important parameter in assessing the advantages of

different fuel compositions. A higher LHV indicates that lower storage volume is required for

an equivalent energy of fuel, thereby reducing tank volume and cost. Storage temperature

and pressure strongly influence storage volume, but are not considered here. Furthermore,

a high LHV fuel requires lower volumetric flow to sustain a given current density and fuel

utilization (or fuel energy flow) in the stack. As such, the power requirement of the fuel-side
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compressors and heat exchange size is reduced for a fuel with high LHV.

The lower heating value of the fuel composition is strongly correlated with the methane

mole fraction (see Figure 4.9). The LHV is also calculated for a dry composition and is

about 20% higher than the LHV when H2O is included. The dry LHV is perhaps more

representative of the eventual stored energy density of a ReSOC system because some water

knockout is likely to be needed for ease in storage. As a reference, the maximum ReSOC

system dry LHV is 42% of the LHV of pure methane and 139% of the value of pure hydrogen.

4.4 The effect of operating conditions on thermodynamic voltage parameters

Attractive operating conditions for ReSOCs are identified through sensitivity studies

of thermoneutral and equilibrium voltages to variations in cell pressure, temperature, fuel

utilization, and fuel composition with the goal of reducing VTN and/or increasing EN such

that VTN = EN . First, Section 4.4.1 explores the heat-to-power ratio to further validate

that VTN = EN is a desirable operating point. Next, the pressure, temperature, and fuel

utilization operating conditions are analyzed as to their effect on VTN and EN . Finally, a

specific example is given to compare the thermodynamics of pressurized and non-pressurized

ReSOC stacks.

4.4.1 Heat-to-power ratio

The heat-to-power ratio of the ReSOC stack defines the stack heating or cooling load

relative to electrical power. For an SOFC and SOEC stack, the heat-to-power ratio is

estimated in terms of thermoneutral voltage by dividing both sides of 4.9 by the electric

power, Ẇ = iVcell, leading to the following equations:

(Q̇/Ẇ )SOFC = VTN/VSOFC − 1 (4.16)

(Q̇/Ẇ )SOEC = 1− VTN/VSOEC (4.17)

where (Q̇/Ẇ )SOFC is the ratio of net heat generated to power generated in an SOFC and

(Q̇/Ẇ )SOEC is the ratio of net heat generated to power supplied in an SOEC so that a
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positive heat-to-power ratio indicates excess heat generation in both operating modes. The

cell voltages are calculated as a simple offset from reversible voltage by VSOFC = EN − η and

VSOEC = EN + η.

Figure 4.10 illustrates how the thermoneutral voltage and heat-to-power ratio are affected

by stack operating pressure and compares a carbonaceous reactant composition (H/C=10)

to a steam-hydrogen composition (H/C → ∞). The Nernst potential, cell voltages, and

thermoneutral voltage are plotted as a function of pressure in Figure 4.10(a). A constant

overpotential of 85 mV is assumed in each mode of operation for a roundtrip stack efficiency

of approximately 85% (see Figure 2.10 in Section 2.5.1). The reversible potential increases

slightly with pressure as expected from the increased concentration of reactant species. The

reversible potential, and thus the cell voltages, are relatively similar for the two compositions.

The thermoneutral voltage for the carbonaceous fuel composition decreases significantly with

pressure primarily because of increased methanation in SOEC mode and associated steam-

methane reforming in SOFC mode. Alternatively, the thermoneutral voltage for the non-

carbon case is constant with pressure. The pressure dependences of these voltage parameters

are discussed further in Section 4.4.2.

The voltages from Figure 4.10(a) are used to estimate heat-to-power ratios shown in

Figure 4.10(b) to reveal the impact of stack pressure on thermal and electrical load. For

both compositions, the SOFC mode heat-to-power ratio is positive, meaning that excess heat

is generated. This excess heat generation is consistent with SOFC voltage being lower than

thermoneutral voltage (see Figure 4.10(a)). With increased pressure, the SOFC mode heat-

to-power ratio for the non-carbonaceous composition decreases as the thermoneutral voltage

and SOFC voltage converge. This can also be understood as the SOFC operating more

efficiently at higher pressure so that less waste heat is generated. An SOFC operating on

a carbonaceous composition has an additional heat-sink from methane reforming, resulting

in a lower heat-to-power ratio compared to the non-carbonaceous composition. As pressure

increases, the heat-to-power ratio for the carbonaceous composition decreases substantially
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Figure 4.10: (a) Thermoneutral and reversible voltages and cell voltage in both operating
modes, and (b) heat to power ratio as a function of pressure for carbonaceous (H/C=10)
and non-carbonaceous (H/C→∞) compositions at T=750°C, UF=50%, and constant over-
potential in both modes of 85 mV.

because more methane is entering and being reformed in the stack in SOFC mode due to

higher production of methane in the pressurized SOEC.

Unlike SOFC operation at elevated pressure, the heat-to-power ratio increases with in-

creasing operating pressure in SOEC mode (see Figure 4.10(b)). At near-ambient pressures,

the SOEC operated with carbonaceous reactants requires a net heat input to maintain a

750°C operating temperature (i.e., the heat-to-power ratio is negative), but above 4.5 bar,

the stack becomes a net generator of heat. Consistent with the definition of thermoneu-

tral voltage, the adiabatic operating condition occurs when VTN = VSOEC (see also Fig-
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ure 4.10(a)). The heat-to-power ratio increases with pressure in SOEC mode because the

exothermic methanation reaction achieves higher conversion at higher operating pressures.

The heat-to-power ratios for the steam-hydrogen case in Figure 4.10 illustrates that

there is either a relative excess or deficit of net heat generation for fuel cell and electrolysis

operating modes, respectively, when the reactant feed gas is carbonless (or the methanation

/ reforming reaction is not catalyzed). For the carbonaceous composition, the expected

desirable operating point where VTN = EN is satisfied around 17 bar. At this pressure, a

small amount of net heat generation (7-8% of electric power) is estimated, indicating that

the thermal characteristic of the stack will be similar in both operating modes — favorable

for system operation.

4.4.2 Pressure dependence of the thermodynamic voltages

The operating pressure is analyzed by plotting VTN and EN as a function of pressure for

several hydrogen-to-carbon ratios as given in Figure 4.11. The reversible potential increases

with increased HTCR because the partial pressure of H2 increases and partial pressure of

H2O decreases (see also Figure 4.9). In other words, at higher HTCR, the reversible potential

is more representative of the pure steam-hydrogen red-ox reaction, whereas at lower HTCR,

the reversible potential is weighted toward lower values by the influence of the methane

red-ox reaction (see Section 4.1.2). It is also apparent that EN increases with increased

pressure. The increase in Nernst potential with total pressure is slightly counteracted by the

decrease in hydrogen partial pressure as hydrogen is increasingly converted to methane at

higher pressure.

The pressure and compositional dependence (i.e., HTCR) of the thermoneutral voltage

as depicted in Figure 4.11 is more easily understood by considering the behavior of VTN at a

fixed HTCR. For a fixed HTCR, at low pressure VTN decreases with increasing pressure until

a minimum is reached, then begins to increase with pressure at higher pressure. As HTCR

decreases, the magnitude of the VTN minima decreases and the location of the minima are

observed at increasing pressures. For example, VTN for H/C=10 reaches a minimum of 1.07
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V at about 24 bar, while the H/C=40 fuel composition shows a minimal VTN of 1.20 V at

about 8 bar. One conclusion that can be drawn from Figure 4.11 is that a lower VTN is

achievable for a more carbonaceous fuel, but higher pressure is required to realize the full

benefit of the higher carbon content. Desirable operating conditions where VTN = EN exist

for H/C=10 (at 17 bar) and H/C=6 (at 25 bar).
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Figure 4.11: Thermoneutral and reversible voltages as a function of pressure for several fuel
compositions at UF=50% and T=750°C.

The difference in methane mole fraction between the ReSOC inlet and outlet is useful for

extracting a physical explanation of the thermoneutral voltage trends seen in Figure 4.11.

The methane mole fraction in the tanked fuel and exhaust gas compositions are shown in

Figure 4.12 as a function of pressure for HTCR=10. The extent of the methane reforming

and methanation reactions is directly associated with a difference in CH4 mole fraction. The

methane mole fraction in both of the gas compositions increases with pressure, although the

methane content in the fuel composition (i.e., that generated in SOEC mode) begins to level

off at high pressure because a majority of the carbon atoms in the fuel mixture already exists

as CH4 rather than CO or CO2, so increasing the pressure has a lesser effect on increasing

the methane content. The minima behavior in Figure 4.11 is attributed to the leveling off

of the methane content in the fuel composition, but not in the exhaust.
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The pressure dependence of the change in methane mole fraction across the stack is

similar to the pressure dependence of VTN for the same conditions, although inverted (see

Figure 4.11). Specifically, when the change in methane mole fraction is low (i.e., low rate of

methanation / reforming reactions), the thermoneutral voltage is high. The small differences

between the pressure dependence of VTN in Figure 4.11 and the pressure dependence of

change in methane mole fraction in Figure 4.12 is attributed to both the small thermal

influence of the water-gas shift reaction and the change in total number of moles across the

ReSOC such that the change in mole fraction is not exactly proportional to the extent of

reaction. The SOFC outlet (i.e., exhaust) composition under these conditions (high p, low

UF ) contains significantly more methane than a typical SOFC exhaust, which is particularly

evident at pressures above 5 bar.
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Figure 4.12: Methane mole fraction in the fuel and exhaust gas compositions at equilibrium
as a function of pressure at UF=50% and T=750°C.

4.4.3 Temperature dependence of the thermodynamic voltages

The operating temperature is analyzed by plotting VTN and EN as functions of temper-

ature for several of the fuel gas compositions listed in Table 4.1 at constant fuel utilization

and pressure. In Figure 4.13, the reversible voltage decreases with increasing temperature

88



due to the combined effect of changes in the hydrogen concentration and in the magnitude

of the Gibbs free energy change. The ∆G increases (becomes less negative) with increased

in the T∆S value, and the partial pressure of hydrogen increases due to the temperature

dependence of the steam-methane reforming reaction (i.e., it moves away from methane for-

mation at high temperature). As demonstrated previously, the trend of increasing EN with

increasing HTCR is retained over a range of operating temperatures.
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Figure 4.13: Thermoneutral and reversible voltages as a function of temperature for several
fuel compositions at UF=50% and p=10 bar.

The trend lines exhibited in Figure 4.13 can also be understood by recognizing how

VTN depends on temperature for a fixed hydrogen-to-carbon ratio. For a fixed HTCR,

thermoneutral voltage exhibits a generally concave up behavior where at lower operating

temperatures (< 700°C) it first decreases with increasing temperature before increasing again

at more elevated temperatures. Interestingly, both the magnitude and location of VTN

minima decrease with decreasing HTCR and decreasing temperature. For example, the

minimum VTN is 1.20V for H/C=40 and occurs at 765°C while the minimum VTN is 1.06V

for H/C=10 and occurs at 675°C. These results demonstrate that while a lower VTN can be

reached for more carbonaceous fuel gases, the cell operating temperature must also be lower

to realize the full benefit of the higher carbon content. The H/C=6 case reaches a minimum
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VTN outside of the temperature range shown in Figure 4.13.

The temperature dependence of thermoneutral voltage is similar to the pressure depen-

dence in that increasing pressure has a similar affect as decreasing temperature. As the

HTCR increases, the thermoneutral voltage approaches that of a steam-hydrogen reactant

gas (i.e., H/C→ ∞) where the slight increase in VTN,H2/H2O with temperature is a result of

the temperature dependence of the enthalpy change.
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Figure 4.14: Methane mole fraction in the fuel and exhaust gas compositions at equilibrium
as a function of temperature at UF=50% and p=10 bar.

The optima behavior observed for VTN as a function of temperature can be explained

similar to the pressure dependence. Figure 4.14 shows the methane content of the fuel and

exhaust compositions as a function of temperature. As temperature is reduced, the methane

content in both the fuel and exhaust compositions increases; however, the methane content

of the fuel reaches a maximum, while that of the exhaust continues increasing. Thus, the

minimum VTN is achieved near to where the change in methane content between the fuel and

exhaust compositions is maximized. This optimal temperature is also dependent on pressure,

fuel utilization, and HTCR, meaning that finding the desirable operating conditions must

be viewed as a multi-dimensional optimization problem.
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4.4.4 Utilization dependence of the thermodynamic voltages

Figure 4.15 shows the behavior of VTN and EN as functions of fuel utilization and the

HTCR of the feed gas. The well-known behavior of decreasing reversible voltage with in-

creasing fuel utilization is exhibited and arises because of the decrease in partial pressure of

fuel species (e.g., hydrogen) in the SOFC mode fuel channel (or fuel species increase in the

SOEC mode fuel channel).
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Figure 4.15: Thermoneutral and reversible voltages as a function of fuel utilization for several
fuel compositions at T=750°C and p=10 bar.

In contrast, thermoneutral voltage increases with increased fuel utilization. However, this

behavior can demonstrate the opposite trend at low utilizations when there is little carbon in

the fuel mixture (see the curves for H/C ≥ 15). In feed gases with high HTCR, VTN decreases

with increases in fuel utilization in low utilization regimes (< 0.4). This trend is a result of

the complex equilibrium calculations and the resulting compositional-dependent thermoneu-

tral voltage surface. This phenomenon, while interesting, is not particularly valuable for the

present analysis because it occurs at unattractive operating conditions for a ReSOC system

concept. The VTN = EN condition is satisfied for fuel compositions with hydrogen-to-carbon

ratios of 6, 10, and 15 at fuel utilizations of 28%, 42%, and 34%, respectively. These low

fuel utilizations may be intuitively concerning from an overall system efficiency standpoint.
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However, recall that the roundtrip system efficiency is not directly dependent on fuel uti-

lization because the ReSOC concept is a closed system. The BOP parasitic energy load is,

however, expected to increase at lower fuel utilizations because a greater volume of fuel must

be transported through the system for equivalent stack power capacity.

4.4.5 Pressurized vs. non-pressurized ReSOC systems

The previous subsections explain the dependence of VTN and EN on relevant ReSOC oper-

ating conditions. Now, the thermoneutral voltage is considered in the context of comparing

pressurized and non-pressurized systems. Pressurized ReSOC systems may be an attrac-

tive option to increase in-situ methane formation, but pressurized stacks are considered less

feasible for distributed scale applications (< 1 MW). Development of low- and intermediate-

temperature ReSOCs has shown high performance down to 600°C for laboratory scale tests

[74, 146]. Thus, for distributed scale systems, sufficient methane formation may be achieved

at ambient pressure by reducing the stack operating temperature. For either approach, the

reactant compositions and fuel utilization must also be considered.
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sitions used in the ambient pressure thermodynamic analysis.
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The fuel compositions used for the following examples is different from those given in

Table 4.1. Instead, the H-C-O ratio is determined from the carbon deposition boundary for

a specified temperature and pressure (rather than multiple overlayed deposition boundaries

as in Figure 4.8). For a given HTCR, the oxygen content is selected to be 2% greater than

the limiting case as dictated by the carbon deposition boundary and a minimum oxygen-to-

carbon ratio of 1.5 is enforced. Based on this methodology, the oxygen content as a function

of HTCR is shown in Figure 4.16.

The non-pressurized example considers a ReSOC temperature of 600°C and the ther-

moneutral and reversible voltages are plotted in Figure 4.17 as a function of hydrogen-

to-carbon ratio. Thermoneutral voltage decreases with decreased fuel utilization, and is

minimized at HTCR of 7.5. This optimal point correlates with the HTCR at which the oxy-

gen content switches from being constrained by the carbon deposition boundary (at lower

HTCR) to being constrained by the minimum oxygen-to-carbon ratio. These minima indi-

cate that the level of oxidation of the fuel mixture has a strong impact on stack thermal

behavior caused by reforming chemistry.
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Figure 4.17: Thermodynamic voltages vs. hydrogen-to-carbon ratio for an ambient pressure
example at 600°C
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It is notable that the non-pressurized example has no operational point where thermoneu-

tral voltage is reduced to the value of the Nernst potential. This highlights the difficulty

of operating ReSOC systems efficiently at ambient pressure. However, for a fuel utilization

of 40%, the thermoneutral voltage is only 15mV greater than the reversible voltage, mean-

ing that the cell can operate exothermically for realistic overpotential values. Cells with

even lower operating temperature ranges may beneficially balance the thermal load between

operating modes and/or allow higher fuel utilization for distributed-scale, ambient pressure

systems.

The pressurized case considers a stack pressure of 20 bar. Figure 4.18 shows contour plots

of the difference between Nernst and thermoneutral voltage (i.e., EN – VTN) at different

temperatures. The voltage differences, given in mV, indicate the overpotential required to

achieve thermoneutral operation in SOEC mode.

The trends in Figure 4.18 follow those shown in the previous subsection, whereby the

thermoneutral and Nernst voltages generally converge with reduced temperature, reduced

HTCR, and reduced fuel utilization. For each temperature, the thermoneutral and Nernst

voltages are equal at HTCR between 4 and 11, and for fuel utilizations below 75%. Lower

operating temperature indicates that a lower HTCR is optimal and allows higher fuel uti-

lization, favorable to storage energy density and reducing BOP power. In fact, at 800°C,

the desirable operating point is only achieved at fuel utilization near or below 40%. These

contour plots also re-enforce the complex behavior of the thermoneutral voltage, where the

desirable operating points appear at different HTCR and fuel utilizations depending on the

temperature.

Interestingly, the difference between VTN and EN is relatively constant over a wide range

of fuel utilizations at 600°C. This is in contrast to the higher temperature cases where

the difference is strongly influenced by UF , but relatively constant with HTCR. Thus, the

pressurized 600°C operating point may provide more operational flexibility from a control

standpoint, although requires continued development in cell materials to achieve efficient
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Figure 4.18: Contour plot of the difference between thermoneutral and reversible voltage as
a function of fuel utilization and hydrogen to carbon ratio for a pressurized stack (20 bar)
at 600, 700, and 800°C.
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and cost-effective stacks at < 650°C.

4.5 Conclusions from the thermodynamic analysis

Throughout this chapter, various thermodynamic parameters, including individual re-

action thermodynamics, heat-to-power ratios, and thermodynamic voltage parameters have

been used to highlight one central point: It is desirable to operate a reversible solid oxide cell

system at conditions where the thermoneutral and equilibrium voltages are approximately

equal so that the stack is mildly exothermic in both operating modes.

The thermoneutral voltage was highlighted as an important system parameter for stack

thermal management and achieving high roundtrip system efficiency. This voltage parameter

is also helpful in resolving the apparent conflict in identifying mutually beneficial operating

conditions for a system that will employ a ReSOC device in both fuel cell and electrolysis

modes of operation.The thermoneutral and reversible voltage parameters were derived from

control volume analysis. A calculation procedure was described for quantifying these voltages

at representative ReSOC operating conditions. The effect of temperature, pressure, fuel

utilization, and fuel composition (as described by the hydrogen-to-carbon ratio) on VTN was

explored, resulting in the following general conclusions:

� The minimum achievable VTN is lower for feed gas compositions that have lower

hydrogen-to-carbon ratios.

� VTN is favorably reduced by high pressure and low temperature operating conditions.

This characteristic is made possible by the production of significant methane in SOEC

mode when sufficient carbon is present, but the operating conditions must also promote

methane formation.

� VTN increases with increased fuel utilization.

� Optimal operating conditions highlighted by the thermoneutral voltage analysis may

be significantly altered by changing other stack operating conditions.
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These conclusions are particularly relevant to the design and analysis of ReSOC energy

storage systems and SOEC fuel synthesis systems where thermal management and heat

supply are highly impactful on system performance. Furthermore, it is possible that SOFC

system studies, particularly combined heat and power systems, will benefit by using the

thermoneutral voltage parameter to provide a unique thermodynamic viewpoint to system

thermal management.

Analysis of the thermoneutral voltage shows that both pressurized and ambient pressure

ReSOC stacks are feasible for sufficiently reducing VTN . Pressurized systems may operate at

a higher fuel utilization compared to ambient pressure systems, but the stack pressure of 20

bar still requires reduced operating temperature to achieve high utilization at the desirable

operating point.

The ReSOC stack operating conditions must be selected with strong consideration to

optimal cell performance and durability. Specifically, the operating conditions must enable

the ReSOC to operate at the low overpotential required to achieve competitive roundtrip

system efficiency, while also utilizing a relatively high current density to keep the size of the

ReSOC stack economical. The dichotomy between the high temperature required for low

resistance operation of existing ReSOCs and the intermediate temperature desired for an effi-

cient energy storage application provides additional motivation for intermediate temperature

ReSOC development.

This chapter has shown how ReSOC stack operating conditions are expected to affect

system performance based primarily on thermodynamics. The results in the remaining

chapters extend these analysis with higher fidelity studies that employ actual voltage-current

performance characteristics of ReSOCs to quantify the system efficiency and economics of the

proposed system. Before presenting the additional results, Chapter 6 details the modeling

approach used in the higher fidelity stack and system-level studies.
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CHAPTER 5

STACK AND SYSTEM MODELING APPROACH

The overall objectives of this dissertation must be addressed by formulating models to

accurately capture the system technical performance. This chapter describes the assump-

tions, equations, and modeling methodology used to generate the ReSOC stack and system

results presented in the following chapters. A major focus of this work is to establish ef-

fective ReSOC operating conditions. Therefore, the ReSOC stack is modeled with a higher

fidelity compared to the other system components. A physically based channel-level ReSOC

model is developed to capture performance variations to various cell operating strategies

and conditions based on experimental performance from next generation LSGM-electrolyte

ReSOCs. The other system components are modeled thermodynamically based on energy

and entropy balances. Following the component model definitions, this chapter also explains

the calculation procedure required to model reversible systems at steady state. This includes

considerations for ensuring continued operation of the charge/discharge process and perfor-

mance of a single system in two distinct operating modes. Lastly, performance metrics are

defined to represent the efficiency and energy density performance of the system.

5.1 ReSOC stack model

The ultimate function of the stack model developed herein is to represent performance

of a ReSOC stack within a system model. This performance includes electrical power gen-

eration (or consumption in electrolysis mode) as well as reactant and product gas stream

properties that interface with other system components (e.g., T , xi). This work follows

the approach of previously published solid oxide cell models that focus on the repeating

channel-level geometry of a solid oxide cell and extrapolate that performance to represent

the stack characteristic [143, 147–149]. These previously developed models are calibrated

to represent performance of high temperature cells (i.e., those based on YSZ-electrolyte).
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They include conservation equations to represent the thermochemical phenomena occur-

ring within the ReSOC stack and represent the electrochemical processes by calculating

individual overpotential contributions associated with ohmic, activation, and concentration

polarizations. Chapter 4 concluded that intermediate temperature cells are instrumental to

successful implementation of the proposed system. Thus, this ReSOC model used in this

work is calibrated to the performance of next generation intermediate temperature cells with

an LSGM electrolyte material set optimized to operate between 550 and 650°C. The con-

servation equations are derived and implemented as in previously published models, but the

parameters used in the electrochemical model are modified to represent the performance of

LSGM-electrolyte cells. The cell data available for calibration is from button-cell tests and

includes variation in temperature and reactant composition. A zero-dimensional button cell

model is used to calibrate the electrochemical model parameters to the cell current-voltage

performance. The following subsections present the available experimental data including a

brief description of the testing conditions and process, describe the zero-dimensional button-

cell model and electrochemical model formulation, and derive conservation equations for the

channel-level model.

5.1.1 Description of experimental data

The experimental data used for model calibration in this work was collected by researchers

at the Northwestern University Department of Material Science and Engineering; additional

publications on the testing process and conditions can be found elsewhere [74, 116, 126, 150].

Here a brief summary of the cell fabrication and testing is given.

Button cells with thin La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) electrolyte on Sr0.8La0.2TiO3-α

(SLT) supports and La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF) cathode were fabricated by tape casting

method. The SLT powder was synthesized by a solid state reaction method, as described

previously [74, 150]. The SLT powder was mixed with 30 wt.% graphite (Timcal, Swizerland)

by adding an appropriate amount of menhaden fish oil as dispersant and ball milling for 24 h

in ethanol and Xylenes mixed solvent. Afterwards, polyvinyl butyral (binder), butylbenzyl
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phthalate (plasticizer) and poly alkylene glycol (plasticizer) were added into the mixture, and

it was ball milled for another 24 h. The slurry was tape casted to form a membrane through

a Richard E. Mistler tape casting machine. The LSGM (Fuel Cell Materials, Ohio)-30 wt.%

graphite anode functional layer (AFL) and LSGM electrolyte were tape casted in the same

way. The SLT-30 wt.% graphite support layer/AFL/LSGM electrolyte was hot laminated

together at 80°C. After punching to circular shape, the cell was fired at 1425°C for 4h.

The LSCF (Praxair, Washington)-Gd0.1Ce0.9O1.95 (GDC, Nextech, Ohio) (50wt.%) cathode

functional layer and LSCF current collector was screen printed on the LSGM side and fired

at 1100°C for 2h. A 5 M Ni(NO3)2 (Fisher Chemicals, New Jersey) solution was infiltrated

into the porous SLT support and LSGM functional layer. After calcining at 700°C for 0.5

h, nanostructured NiO covered the SLT and LSGM surface homogeneously. The desired Ni

amount was achieved by multiple infiltration cycles.

The cell was sealed onto an alumina tube and tested using a four-probe configuration.

The oxygen electrode was exposed to 200 sccm flow air while the fuel electrode was fueled

with humidified hydrogen at 100 sccm through a heating bubbler containing H2O in order to

entrain a known partial pressure. For the syngas, H2, CH4, CO2 were flowed through a heated

bubbler, while the ratio was controlled by the mass flow rate. Current-voltage curves were

recorded using an IM6 electrochemical workstation (ZAHNER, Germany) for cell testing

from 650°C to 550°C. Electrochemical impedance spectra (EIS) were also recorded with the

frequency range of 100 mHz-100 kHz. The cell structure was examined by scanning electron

microscopy (SEM, Hitachi S-4800-II and SU8030) as illustrated in Figure 5.1. The cell

yields a structure with a 600-micron nickel infiltrated SLT fuel-electrode support, 50-micron

nickel infiltrated LSGM anode functional layer, 16-micron LSGM solid electrolyte, 20-micron

LSCF-GDC oxygen electrode functional layer, and 20-micron LSCF current collector.

5.1.2 Zero-dimensional button cell model

A zero-dimensional button cell ReSOC model is used to calibrate electrochemical model

parameters to the experimental data. The electrochemical model represents physical phe-
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Figure 5.1: Low-magnification scanning electron microscopy overview images of an LSGM-
electrolyte button cell after testing.

nomena occurring in the PEN (positive electrode, electrolyte, negative electrode) includ-

ing the ohmic, activation, and concentration overpotentials using Ohms law, the Butler-

Volmer equation, and Fickian diffusion, respectively. The electrochemical model equations

are described in Section 5.1.3. Similar button-cell models have been developed previously

[151, 152]. The button-cell model includes the following assumptions:

1. Continuously stirred tank reactor (CSTR) species balances at the fuel and oxygen

electrode surfaces.

2. Isothermal fuel, air, and PEN structure.

3. Active electrochemical reaction site isolated to the electrode-electrolyte interfaces.

4. No direct electrochemical conversion of CO and CO2.

5. Equilibrated water-gas-shift reaction (Equation 2.3) and rate based steam-methane

reforming (Equation 2.2) from [153].
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5.1.3 Electrochemical model

The electrochemical model described here is used in two ways: to calibrate electrochem-

ical model parameters using the button-cell model described in section 5.1.2 and to define

the current-voltage relationship in the channel-level model described in 5.1.5. This section

describes the electrochemical model including cell voltage and individual overpotential equa-

tions and assumptions. The electrochemical model parameters are given in Table 5.1.

Cell and open-circuit voltages

The operating cell voltage, V cell is determined by individually computing the overpo-

tential contributions from ohmic, activation, and concentration losses which cause the cell

voltage to deviate from open-circuit voltage. The cell voltage is expressed as:

Vcell = EN − ηohm − ηact − ηconc − Vleakage (5.1)

Where EN is the open-circuit voltage, ηi are the individual overpotential contributions

and Vleakage is an experimentally calibrated parameter ranging from 0-30 mV which repre-

sents the difference between theoretically calculated and experimentally determined OCV

attributed to gaseous and/or electronic leakage. The open-circuit voltage is calculated with

the Nernst equation applied to the steam-hydrogen red-ox reaction as given by Equation 2.7.

Ohmic overpotential

The ohmic overpotential results from resistance to ionic and electronic transport through

cell layers. The overpotential scales directly with current density by Ohms law:

ηohm = iReq,ohm (5.2)

where i is the cell current and Req,ohm is the equivalent ohmic resistance of the cell which is

influenced by cell material set, geometry, and operating conditions. The equivalent resistance

is calculated as:

Req,ohm = RPEN +RC (5.3)
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where RPEN represents the resistance to charged species transport through the PEN structure

and RC is a correction term used to account for other possible resistance contributions such

as interfacial contact between cell layers. The PEN resistance is calculated as a summation

of serial resistance contributions from the electrodes and electrolyte:

RPEN =
1

Acell

∑
thi/σi (5.4)

where Acell is the cell active area, thi and σi are the thickness and conductivity, respectively

of each layer of the PEN including anode, electrolyte and cathode.

Ionic transport through the electrolyte typically dominates the PEN resistance because

electrode materials are selected with high electronic conductivity. Previous studies have

measured LSGM ionic conductivity for applications as SOFC electrolytes [72, 154]; however,

slight variations in composition and manufacturing process can significantly impact the re-

sistance. For this model, the ohmic resistance was measured from the button-cells using the

real-axis intercept of the Nyquist plot generated by electrochemical impedance spectroscopy

(see Figure 5.3). The EIS derived ohmic resistance shows similar temperature dependence

as the published literature. A modified Arrhenius form is used to represent the temperature

dependence of the electrolyte resistance (see Table 5.1).

The anode support material, Ni-SLT has seen less attention in the literature. This thick

support layer is included to provided mechanical strength to the cell structure. Also, SLT

is favorable in place of an extended LSGM support structure because it is less expensive

[74]. Conductivity of SLT has been shown to vary significantly with temperature and the

oxygen partial pressure of the testing environment [150, 155, 156]. Furthermore, variations

in manufacturing method and material composition cause the conductivity to vary from 10

[156] to 1000 S/cm [155]. The electrode conductivity is further complicated by parallel

conduction through the SLT and infiltrated surface-nickel. Oxygen electrode conductivity

with the LSCF-GDC material has been reported with LSCF conductivity of 200–400 S/cm

between 400 and 800°C [157]. The GDC phase is intended as an ion conductor and electronic

conduction is assumed to occur in the LSCF phase. Electronic conductivities of 10 and 300
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S/cm are used for the fuel and oxygen electrode, respectively. For comparison, the conduc-

tivity of LSGM at 650°C is about 0.036 S/cm [154], meaning that even for electrode thickness

an order of magnitude greater than the electrolyte, the PEN resistance is dominated by the

electrolyte. The value of RC is selected as zero by calibrating with the experimental data.

Activation overpotential

The total activation overpotential includes contributions from both the fuel (FE) and

oxygen electrodes (OE):

ηact = ηact,FE + ηact,OE (5.5)

The Butler-Volmer equation is used to estimate kinetic losses associated with the charge

transfer reactions at each electrode-electrolyte interface [158]:

j = j0,i

[
exp

(
nFαa,i

RT
ηact,i

)
− exp

(
−nFαc,i

RT
ηact,i

)]
(5.6)

where j0,i is the exchange current density and αa,i and αc,i are the anodic and cathodic

charge transfer coefficients, respectively. The exchange current density represents the rate

of reaction at open-circuit voltage, and can be related to parameters of the PEN structure

such as reaction site density and catalyst activity. However, these parameters are difficult to

measure and empirical formulations are typically used. For this study, the exchange current

densities are represented as in References [159–161]:

j0,FE = jref
0,FE

pH2

p0

nH2 pH2O

p0

nH2O

exp

(
−Eact,FE

R

(
1

T
− 1

Tref

))
(5.7)

j0,OE = jref
0,OE

pO2

p0

nO2

exp

(
−Eact,OE

R

(
1

T
− 1

Tref

))
(5.8)

where pi is the partial pressure of species i at the reaction site, and jref
0,i , ni, and Eact,i are

empirical fitting parameters. Approximate values for the exchange current density activation

energy, Eact,i were taken from studies on the performance of similar fuel [162] and oxygen

electrodes [163]. The present model is not validated against different oxidant compositions

104



because no data was available for these specific cells. The oxygen partial pressure depen-

dence of the exchange current density, nO2 is obtained from Ref. [126].

Table 5.1: Electrochemical model parameters.

Model parameter Value
Ohmic overpotential parameters

σelectrolyte (ionic) 5.17E6/T*exp(-93,800/RT) S/cm
σFE (electronic) 10 S/cm [156]
σOE (electronic) 300 S/cm [157]
Correction resistance, RC 0 Ω

Activation overpotential parameters
jref

0,FE 15600 A/m2

jref
0,OE 2470 A/m2

αa,FE 0.4
αc,FE 0.6
αa,OE 0.5
αc,OE 0.5
Eact,FE 60.0 kJ/mol [162]
Eact,OE 162.0 kJ/mol [163]
nH2 0.50
nH2O 0.50
nO2 0.20 [126]

Concentration overpotential parameters
FE porosity 0.26 (26%) [74]
OE porosity 0.30 (30%)
FE pore diameter 1 micron
OE pore diameter 1 micron
FE tortuosity 3.0
OE tortuosity 3.0

Concentration overpotential

The concentration overpotential represents the losses due to reactant and product diffu-

sion through the porous electrode structures. Fickian diffusion is used to determine reactant

mole fractions at the active site as in Reference [92]. The calculated mole fractions are then
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used to determine the concentration overpotential:

ηconc =
RT

nF
ln

[
xH2,bulkxH2O,TPBx

0.5
O2,bulk

xH2,TPBxH2O,bulkx0.5
O2,TPB

]
(5.9)

where xi,bulk and xi,TPB are the mole fractions in the bulk gas above the electrode surface (i.e.,

CSTR composition) and at the active reaction site, respectively. The influence of species

diffusion on activation polarization is considered by using the xi,TPB values when calculating

pi in Equations 5.7 and 5.8.

The porosity, pore diameter, and tortuosity are physically based model parameters that

influence the concentration overpotential. The FE porosity was taken from measurements on

similar cells to be 26% [74] and typical values for solid oxide cells are used for the remaining

parameters [92].

5.1.4 Model comparison to experimental data

The button cell model is calibrated to represent the performance of LSGM-electrolyte

cells by adjusting key electrochemical parameters including RC , αa,i, αc,i j
ref
0,i , and ni. Exper-

imental and model-predicted current-voltage curves in Figure 5.2 indicate good agreement.

The most notable model deviations occur at high current density. For energy storage ap-

plications, the efficiency requirements should limit the magnitude of the operating current

density to < 1 A/cm2. The model also captures effects of reactant composition variation as

shown by the syngas-fueled V-j curve in Figure 5.2.

Figure 5.3 presents the Nyquist plots of typical EIS data tested at OCV from the same

cell as shown in Figure 5.2. The area specific resistances (ASR) of the cell are 0.18 Ωcm2

at 650°C, 0.42 Ωcm2 at 600°C, 1.01 Ωcm2 at 550°C for the 50%H2/50%H2O cases, and 0.48

Ωcm2 at 594°C for the syngas case. However, the ASR values are lower when calculated

by the negative slope of the chord between cell voltages at -0.5 and 0.5 A/cm2, as reported

in Figure 5.2. The lower ASR value with increased current density is a consequence of

the activation polarization behavior, which increases logarithmically with current density.

This effect is most evident with decreasing temperature where activation losses are a major
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Figure 5.2: Model and experimental current-voltage comparison for LSGM-electrolyte Re-
SOC operated at atmospheric pressure with 50 mol.% H2/H2O or syngas (25%-H2, 25%-CH4,
38%-H2O, 12%-CO2) flow to the fuel electrode at 100 sccm and air flow to the oxygen elec-
trode at 200 sccm.

contribution to total cell resistance.

5.1.5 Channel-level model

This section documents the development of a reversible solid oxide cell model includ-

ing geometry definitions, governing conservation equation derivations, and a description of

the numerical solution technique. Some unique features of this model include: (i) ability

to operate in both forward (SOFC) and reverse (SOEC) modes, (ii) co- and counter-flow

configurations, (iii) thermodynamic property calls with ideal gas or higher fidelity models,

(iv) 5-specie reactant mixtures. The channel level model includes the following assumptions

in addition to those listed in Section 5.1.2:

1. Plug flow in the fuel and air channels.

2. Neglected radiative heat transfer between the PEN and interconnect.

3. Lumped temperature of the solid PEN structure.
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Figure 5.3: Electrochemical impedance spectroscopy Nyquist plot from button-cell tests at
the conditions described in Figure 5.2.

4. Fully developed laminar flow in the fuel and air channels, resulting a constant Nusselt

number.

5. Neglected conduction and diffusion in the fuel and air gas streams.

6. Constant pressure in the fuel and air channels.

7. Isopotential PEN layer due to high electrical conductivity of the electrode materials.

8. Heterogeneous reaction chemistry occurs at the interface of the flow channel and fuel

electrode support.

The electrochemical model described previously assumes no direct electrochemical con-

version of carbon monoxide and carbon dioxide. Rather, the pathway for consumption and

production of these species is the water gas shift and reverse shift reactions. Recent publica-

tions have suggested that it is important to account for the direct electrochemical conversion

pathway [164, 165]. On the other hand, solid oxide cells are known to have fast kinetics that

achieve near equilibrium within the channel, meaning that product composition should not

be significnatly affected by this assumption. The conversion pathway will also impact the
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electrochemical cell performance through the concentration and activation polarizations. The

activation polarization parameters are fit to experimental data through calibration and the

cell is not operated under conditions where diffusion losses significantly affect performance.

For these reasons, the assumption of only steam and hydrogen electrochemical conversion

is maintained in this study and considered suitable for system analysis. However, higher

fidelity modeling concerned with cell materials or structure optimization and mechanistic

analysis must consider the impacts of direct CO/CO2 conversion.

Channel geometry

The geometry for the channel-level model is shown in Figure 5.4 including the height and

width of the rectangular fuel and air channels and the thickness of cell components including

the PEN structure and interconnectors (IC). The PEN thickness is further defined as the

sum of the thicknesses of the fuel electrode, oxygen electrode, and solid electrolyte, and

support layers. This model will be extrapolated to represent stack performance by further

prescribing the number of channels per cell and number of cells per stack.

Species conservation

The general species conservation equation for component j is used as a starting point for

the channel level species conservation equations:

wch

hch
thrib

thPEN

thic

Figure 5.4: Reversible solid oxide channel geometry.
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∂Cj
∂t

+ v · ∇Cj = D∇2Cj +Rvj (5.10)

Simplifying the above equation for steady state, neglecting diffusion, and one-dimensional

flow results in:

vx
dCj
dx

= Rvj (5.11)

Concentration is converted to molar flow by Cj = Ṅ
vxAx

, where Ax is the constant flow-channel

cross sectional area. The volume based reaction rate, Rvj is converted to a general reaction

rate, rj,k in units of moles/second for reaction k and component j.

dṄj

dx
=

Ax
VCV

∑
rj,k (5.12)

where VCV is the volume of the control volume. The above equation is next discretized for

an explicit finite difference scheme with backward differencing.

Ṅj,i − Ṅj,i−1

∆x
=

Ax
VCV

∑
rj,k,i (5.13)

Recognizing that the volume, area, and discretized lenght (∆x) terms calcel, the molar flow

at node i is solved as:

Ṅj,i = Ṅj,i−1 +
∑

νj,krk,i (5.14)

where νj,k is the stoichiometric coefficient for reaction k and species j. The geometry of the

reaction area or reaction volume for heterogeneous or homogeneous reaction, respectively

must be incorporated into the calculation of rk,i. The final discretized species balance given

in Equation 5.14 could otherwise be obtained from a finite volume method for a discretized

volume shown in Figure 5.5. The finite volume approach is used in deriving the energy

conservation equations next.

Energy conservation

Four energy conservation equations are required for the channel level model to calculate

the temperature profiles in the fuel gas stream, air gas stream, solid PEN, and solid intercon-
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nect. The relevant energy flows are shown in Figure 5.5 determined based on the modeling

assumptions. The energy flows include enthalpy flow of the gas streams, thermal conduction

in the solids, enthalpy flow associated with gas diffusion between the gas channels and porous

electrodes, electrical energy in the PEN, and convection between the gas and solid phases.

The energy balances are derived and listed below for the four phases using the finite volume

method based on the phase interactions shown in Figure 5.5 and the numerical modeling

stencil given in Figure 5.6.

Figure 5.5: Heat flow diagram for a single discretized node in the channel-level model.

� Fuel channel: (Ṅh)fuel,out − (Ṅh)fuel,in = qdiff,prod − qdiff,react + qconv,PEN–f + qconv,IC–f

� Air channel: (Ṅh)air,out − (Ṅh)air,in = qdiff,prod − qdiff,react + qconv,PEN–a + qconv,IC–a

� PEN: 0 = qcond,in− qcond,out + qdiff,react,f− qdiff,prod,f + qdiff,react,a− qdiff,prod,a− qconv,PEN–a−

qconv,PEN–f + Pgen

� Interconnect: 0 = qcond,IC,in − qcond,IC,out + qconv,f–IC + qconv,a–IC

The individual energy flow terms at node i from the conservation equations above and the

geometry defined in Figure 5.4 are calculated as:

� Convection from PEN to fuel gas: qconv,PEN–f,i = hconv,f,iwch∆x(TPEN,i − Tf,i)
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� Convection from PEN to air gas: qconv,PEN–a,i = hconv,a,iwch∆x(TPEN,i − Ta,i)

� Convection from fuel gas to IC: qconv,f–IC,i = hconv,f,i (wch + 2 ∗ hch) ∆x(Tf,i − TIC,i)

� Convection from air gas to IC: qconv,a–IC,i = hconv,a,i (wch + 2 ∗ hch) ∆x(Ta,i − TIC,i)

� Reactant and product diffusion: qdiff,react,i + qdiff,prod,i =
∑Nrxn

k rj,k,i
∑Nspecies

j νjhj,i(T, p)

� PEN conduction forward: qcond,in = −kPENthPENwch

∆x
(TPEN,i − TPEN,i−1)

� PEN conduction backward: qcond,out = −kPENthPENwch

∆x
(TPEN,i+1 − TPEN,i)

� IC cond. forward: qcond,in = −kIC
∆x

[thrib(hch + thIC/2) + thIC(wch + thIC/2)] (TIC,i − TIC,i−1)

� IC cond. backward: qcond,in = −kIC
∆x

[thrib(hch + thIC/2) + thIC(wch + thIC/2)] (TIC,i+1 − TIC,i)

where hconv,fuel and hconv,air are the convection coefficients for the fuel and air channels calcu-

lated from a constant Nusselt number, Nu = hconvDh/k of 3.39 for fully-deleveloped laminar

flow from [166], where Dh is the hydraulic diameter and k is the gas thermal conductivity

calculated using the Mason and Saxena modification [167] for the fuel and air mixtures.

i=0 i=2 i=3 i=N-2 i=N

Δ�

i=1
… … i=N-3 i=N-1

Figure 5.6: Discretization stencil for the channel-level model.

Because the heterogeneous reactions are assumed to occur in the catalyzed fuel-electrode

support structure, the gaseous species participating in the reactions must diffuse from the

gas channel into the support structure. This phenomena is accounted for by the reactant

and product enthalpy flow terms, qdiff,react and qdiff,prod, which are calculated based on the

local rates of reaction in the cell.

One boundary conditions is required for each of the thermal energy and species conser-

vation equations in the gas channels. The gas channel inlets are assumed to have constant
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concentration and temperature, prescribed by the interface with other system components.

Two boundary conditions are required for the solid structure thermal energy equations,

which are second-order because of the thermal diffusion. The solid PEN and interconnects

are assumed to be insulated.

Software implementation

The species conservation, energy conservation, and electrochemical model equations de-

scribed previously are solved simultaneously to determine the local current, temperatures,

and species concentrations, as well as cell voltage. The equation set is solved using two

commercial software packages, Engineering Equation Solver [91] and gPROMS [168]. These

software packages include built-in thermodynamic and transport property databases used

to calculate the stream enthaplies, reaction equilibrium constants, gas thermal conductivity

and viscosity.

5.1.6 Stack model adjustments

To more accurately represent cell-stack performance, an additional ohmic resistance is

included. Experimental results on 6- and 10-cell YSZ-based stacks show an increased ohmic

resistance of about 0.10 Ω cm2 compared to single-cell tests [29, 169]. The additional re-

sistance is attributed to stack component contact resistances. Thus, in the following, the

equivalent ohmic resistance is defined as: Req,ohm,stack = Req,ohm,button + 0.1 Ω cm2/Acell (see

Equation 5.2). The geometry used in the following model results is taken from these stack

studies [29] with 12 x 12 cm cells (9.6 x 9.6 cm active area), and assumed 1 x 2 mm channels

[92] and 1 mm thick interconnect. The PEN layer thicknesses are the same as described in

Section 5.1.1 except that the fuel-electrode support thickness is reduced to 300 microns to

represent a typical planar cell-stack design.

A comparison of the button-cell, planar cell, and planar stack models is provided in

Figure 5.7 based on the models described previously in this chapter. The models are all

simulated under laboratory conditions, meaning that the button cell is flooded with excess
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reactant flow (maximum utilization of 5%) and the interconnects of the channel-level cell

and stack models are isothermal to simulate operation within a temperature controlled fur-

nace. The cell and stack models are simulated with constant reactant flowrates selected so

that 50% fuel utilization and an excess air ratio of 5 are achieved at current density of 1.2

A/cm2. The cell model shows slightly worse performance than the flooded button-cell model

due to dilution of reactant species as they are utilized along the length of the channel. The

performance impact is similar in both operating modes and increases at higher current den-

sity. The stack model indicates a substantial performance loss compared to the cell model

attributed to additional ohmic resistances in cell-stacking.
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Figure 5.7: Comparison of the button-cell, planar cell, and stack models at 650°C, 1 atm
with constant reactant flowrates.

5.2 System component models

The system balance of plant components include heat exchangers, compressors, turbines,

ejectors, boiler, and condenser. Primarily, these components are modeled with thermody-

namic equations including energy and entropy balances. Turbomachinery components are

modeled with a fixed isentropic efficiency to determine the electric load or generation for a

given inlet temperature and pressure ratio. A two-stream heat exchanger model determines
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the heat transfer rate and one of the four interface temperatures. Similarly, boiler and con-

denser models dictate the thermal load required to generate steam or condense water out

of a vapourous mixture. An important element of the system design is integrating the heat

exchange network of these system components. A minimum pinch temperature of 20°C is

used for all heat transfer processes.

For some of the system configurations presented here, condenser loads have excess heat

rejection requirements not satisfied by system process streams. Air cooled condensers are

considered to reject excess heat from the system to the environment with a parasitic power

penalty of 0.04 kWe per kWth of rejected heat and minimum condenser outlet temperature

of 50°C. The parasitic load is determined from a simple calculation assuming fan efficiency

of 75%, air temperature rise from 30 to 80°C, and pressure change across the fan of 1.5 kPa.

A recycle ejector, or jet-pump, is used in some configurations to recycle oxidant exhausted

from the ReSOC air-channel. The ejector performance is described by the following equation

which is used to determine the driving flow pressure required by the compressor to entrain

the desired flowrate of recycled oxidant [170].

ηejector =
V̇2p2ln(p3

p2
)

V̇1(p1 − p3)
(5.15)

where V̇1 and V̇2 are the volumetric flowrates of the primary driving flow and the recycled

oxidant flow, respectively, and p1, p2, and p3 are the static pressures of the driving flow, en-

trained flow (e.g., recycled oxidant), and ejector discharge stream, respectively. The pressure

drop across the ReSOC stack air channel significantly impacts ejector performance.

Because this work considers only steady-state modeling results, the tanks (or other stor-

age vessels) are modeled as simple sources and sinks with constant properties. This im-

plications of tanked storage and stored gas property variation with time are highlighted

throughout the results discussions. Additional discussion of the tank modeling assumptions

is given in Section 5.5.
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5.3 Operating parameter constraints

To accurately simulate reversible systems, the charge and discharge operating conditions

must be selected so that the system is eventually returned to the original state of charge,

thereby allowing continuous operation. The state of charge defined as the total amount

of charge that can be delivered by the system at its current conditions is directly propor-

tional to the hydrogen equivalence of the gas mixture stored in the fuel tank. It depends on

both the quantity and composition of the stored gas mixtures. As related to the schematic

in Figure 1.4, the system must be operated so that the tanks are not depleted of mass or

diluted of their respective fuel or exhaust compositions. This section defines the operating

constraints and explains how they manifest in the modeling studies by selecting appropri-

ate combinations of current density, reactant gas flow, operating duration, and utilization

parameters.

Energy storage is an inherently dynamic process, and the constraints described in this

section are framed generally based on cumulative property change over an operating duration

(i.e., energy, mass, electrical charge). In practice, this formulation allows a system to return

to the original state of charge daily, seasonally, annually, or otherwise, after many complete

or partial charge/discharge cycles at varying operating conditions. However, for the steady-

state modeling considered here, the conditions are specified on a rate-basis (i.e., power, flow

rate, electrical current).

To ensure complete system recharge, the total mass entering and leaving each tank must

be equal over some operating duration. For the simple system considered here, the gas flows

entering and leaving the tanks also corresponds to flows entering and leaving the stack. For

example, the flow discharged from the fuel tank is the same as the flow at the stack inlet in

SOFC mode. The mass flow constraints are represented by the following integral equations:
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∫ tcharge

0

ṁ“fuel”,in(t) =

∫ tdischarge

0

ṁ“fuel”,out(t) (5.16)∫ tcharge

0

ṁ“exhaust”,out(t) =

∫ tdischarge

0

ṁ“exhaust”,in(t) (5.17)

where ti is the total operating duration and ṁi,j is the mass flowrate into or out of the

“fuel” or “exhaust” tank in either SOFC or SOEC mode as a function of time. The above

constraints can also be applied in stand-alone reversible stack modeling (i.e., studies that

do not consider the balance of plant as in 6). In these cases, the fuel flow into our out of a

storage tank is replaced by the matching flow into or out of the stack. For example, the flow

out of the “fuel” tank is equivalent to the flow into the stack in SOFC mode, while the flow

into the “fuel” tank is equivalent to the flow out of the stack in SOEC mode.

A charge balance constraint ensures that the tanks are not diluted because each transfer

of charge in the ReSOC requires an associated oxygen ion transfer. This condition requires

that charge transfer in each mode is equal such that the atomic oxygen content of each tank

is eventually returned to its original state (i.e., low oxygen content in the fuel tank and

oxidized gas mixture in the exhaust tank). This constraint is imposed through the current

density as: ∫ tcharge

0

jcharge(t) = −
∫ tdischarge

0

jdischarge(t) (5.18)

where jcharge and jdischarge are the operating current densities in each mode. For steady state

simulation, as in this research, Equations 5.16–5.18 simplify to:

ṁ“fuel”,intcharge = ṁ“fuel”,outtdischarge (5.19)

ṁ“exhaust”,intdischarge = ṁ“exhaust”,outtcharge (5.20)

jchargetcharge = −jdischargetdischarge (5.21)

The steady-state constraints include the operating duration in each mode, which allows

simulating, for example, longer (i.e., slower) charge duration and shorter (i.e., faster) dis-

charge duration to fulfill specific energy storage applications.
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The constraints for mass flow and current density are also connected to commonly used

utilization parameters in solid oxide cells (see fuel utilization or reactant utilization defini-

tions in Section 2.2.2). As such, two out of three (j, ṁ, and UF or UR) are assigned, which

determines the third.

The oxidant utilization is characterized by the excess supplied to the stack as:

λO2 =
ṄO2,supplied

ṄO2,transfer

(5.22)

where the excess air ratio, λO2 is the ratio of oxygen flow at the inlet of the oxidant channel,

ṄO2,supplied to oxygen electrochemically converted, ṄO2,transfer (either consumed in SOFC

mode or generated in SOEC mode). By this definition, when the excess air ratio and current

density magnitude are equal, the oxidant flowrate is also equal in each operating mode.

The excess air ratio (or oxygen utilization) is not constrained in relation to recharging the

system because the charge balance constraint given in Equation 5.18 ensures that the oxygen

production and generation are equal. In configurations that utilize ambient air as oxidant /

sweep gas, the air is limitless. However, if a tanked oxidant is used, the tank volume must

be sized to allow sufficient oxidant supply for fuel oxidation.

5.4 Calculation procedure for modeling reversible systems

The process for simulating the roundtrip ReSOC operation at steady state is outlined in

the computational flow diagram in Figure 5.8. First the simulation parameters are selected

including nominal stack temperature, pressure, fuel utilization, excess air ratio, current den-

sity, fuel inlet temperature, and operating duration ratio (i.e., tSOFC/tSOEC). Within this

approach, the fuel-channel inlet flowrate is fixed by the current density and fuel utilization,

while the oxidant inlet temperature is fixed based on the energy conservation equations to

maintain the prescribed average cell temperature. Different parameter selection strategies

may be employed so long as the constraints defined in the previous section are satisfied. Some

different parameter selection strategies specific to each of the following stack and system level

studies are described in the following chapters.
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Figure 5.8: Calculation sequence for simulating ReSOC systems at steady-state.

After the stack operating parameters are selected, the atomic H-C-O ratios of the stored

“fuel” composition (i.e., SOFC mode inlet composition) are selected, which may depend on

cell temperature and pressure. This process requires considering carbon deposition, required

carbon content for thermal management, and cell efficiency. Thermodynamic calculations

as detailed in Chapter 4 are helpful in selecting initial system operating conditions. Based

on the H-C-O composition, the SOFC mode inlet mole fractions are estimated from equi-

librium at the nominal stack operating conditions. At steady state conditions (i.e., after

many charge/discharge cycles), the tanked “fuel” composition will reflect the composition

generated from the SOEC operating mode. To represent this steady-state condition, the

model is simulated iteratively between SOFC and SOEC mode. During iteration the com-

position entering one mode is set to the composition generated in the opposite mode until

the outlet composition from the SOEC mode stack converges to the inlet compositions of

the SOFC mode stack (typically converges after 2-4 iterations). Finally, the roundtrip effi-

ciency and other performance parameters are calculated based on the model results including

cell voltage, axial temperature and species profiles in the ReSOC, tanked compositions and

properties, and BOP component loads.

5.5 Performance metrics

The roundtrip efficiency metrics have been defined previously in Section 2.5.1. The

performance of an energy storage system is determined primarily by the roundtrip efficiency

and cost. However, in determining the most suitable ReSOC system, it is important to also

consider the system thermal behavior, energy density, and durability.
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High system energy density is important to reduce capital investment in storage tanks.

The storage temperature and pressure have a major effect on energy density; however, the

composition is also important whereby higher proportion of energy dense methane requires

smaller tanks for equivalent energy storage capacity. The energy density, εst is estimated

here for steady state simulations by the following equation:

εst =
PSOFC,nettdischarge∑

Vtank,i

(5.23)

where PSOFC,net is the net power generation during discharging and Vtank,i represents any

storage tank volumes (i.e., “fuel”, “exhaust”, and “oxidant”). The numerator in 5.23 is the

net energy that can be produced by a ReSOC system including considerations for inefficiency

and unused fuel. The amount of energy stored in the “fuel” tank (e.g., fuel heating value)

at full charge is necessarily higher than the recoverable energy. For steady state simulation,

the tank volumes are estimated by:

Vtank,i =
v (T, pmax) Ṅevacuationtevacuation

1− v(T,pmax)
v(T,pmin)

(5.24)

where v(T, p) is the molar specific volume calculated at temperature T and pressure p,

tevacuation and Nevacuation are the duration and molar flow during tank discharging, T is the

tank temperature and pi is either the maximum or minimum tank pressure. This formulation

is derived assuming constant tank temperature during operation, which is not expected for

rigid tanks. However, higher fidelity system simulation is required to capture the effects of

dynamic operation on system energy density. During steady-state system simulation, both

the “fuel” and “exhaust” tank pressures are assumed to be at the average of maximum and

minimum tank pressure. In other words, for a nominal tank pressure of 20 bar, the tank is

assumed to vary between 3 and 37 bar during operation.

The cell durability is also considered as it relates to cell temperature gradients and

carbon deposition. The ceramic cells are susceptible to mechanical failure from uneven

thermal expansion, so it is important to maintain low axial temperature gradients. Operating

condition selections including temperature, pressure and H-C-O ratios of the fuel mixture
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are constrained by estimated carbon deposition regions and the axial temperature gradient

is used as a metric of cell durability.
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CHAPTER 6

SIMULATION OF CELLS AND STACKS

Some operating characteristics of the reversible solid oxide cell system can be understood

by analysis of the cell and cell-stack itself without integrated system modeling with the

supporting balance of plant. Because the stack significantly influences system performance

through both its electrical and thermal characteristics, it is relevant to study the stack in

more detail. Two benefits are derived from isolated analysis of the cell-stack model: (i) the

tradeoffs associated with operating parameter decisions are revealed so that the impact of op-

erating parameters are more easily understood when interpreting system simulation results,

and (ii) certain operating parameter decisions are shown to be explicitly beneficial inde-

pendent of system implementation. Here, the channel-level model described in the previous

chapter is used to predict the effect of key operating conditions on roundtrip efficiency, heat

generation, and cell durability. In particular, parametric studies are performed to assess the

performance impact of current density, reactant composition (i.e., fuel and exhaust), oxidant

/ sweep gas composition (i.e., air vs. oxygen), stack flow configuration, stack tail-gas recy-

cle, pressurization, and operating temperature. Many of these operating parameters impact

both stack and system operation which is discussed. Additionally, the channel-level model

computes axial temperature and species profiles within the ReSOC, meaning that durability

concerns related to temperature gradients and carbon deposition are quantified to inform

operating parameter selection. These stack-level studies follow the calculation methodology

described in Sections 5.3 and 5.4. However, some operating parameter selection is specific

to these studies which is explained first.

6.1 Operating parameter selection

The following results assess the performance impact of various operating parameters

and design decisions including current density, fuel composition, flow configuration, and
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oxidant composition. It is useful to determine base case operating parameters preceding the

parametric studies. The base case average cell temperature is selected to 650°C to match

the best performance shown in cell test results (see Section 5.1.1), although some benefit is

expected from further reducing the operating temperature to 600°C as described in 6.2.7.

The other base case parameters are listed in Table 6.1 and used in the following studies

unless otherwise indicated. The fuel utilization and average current density are model input

parameters, which fix the inlet reactant fuel flow in each operating mode. Similarly, the

prescribed excess air ratio fixes the inlet oxidant flowrate (see Equation 5.22).

In this chapter, the heat generation is characterized by the temperature increase of the

supplied oxidant at fixed excess air ratio, where higher air temperature increase corresponds

with increased heat generation. For this approach, a negative air temperature rise means

that high temperature air is supplied to heat the cell and maintain the prescribed average

cell temperature. For system implementations it is critical that the oxidant stream is heated

in the ReSOC stack to then provide system preheating, so a positive air temperature rise is

used as a criteria for selecting suitable operating conditions. The gas flow in the fuel channel

also acts as a potentially variable heat sink, but is negligible because the flowrate is much

smaller than the oxidant and the flowrate and specific heat do not vary drastically for the

conditions in this study.

Table 6.1: Stack simulation base case operating parameters.

Parameter Value
Flow configuration co-flow in both modes
Average temperature, T 650°C
Stack pressure, p 1 bar
Fuel utilization, UF 60%
Excess air ratio, λO2 5.0
Current density, j 0.5 A/cm2

H/C/O fuel composition 87.7 / 7.3 / 5.0
Fuel channel inlet temperature 600°C
Oxidant composition 21% O2 / 79% N2
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6.2 Cell-stack operating parameter studies

The following sections detail the parametric study results for the stand-alone stack sim-

ulation. Each study includes a discussion of the results and possible implications toward

system operation and performance.

6.2.1 Current density

The current density has a major influence on cell efficiency because it impacts overpo-

tential in both operating modes. The roundtrip efficiency decreases nearly linearly with

increased current density, as shown in Figure 6.1 for both the stack and cell model charac-

teristics, which differ only by the 0.10 Ωcm2 ohmic overpotential described in Section 5.1.6.

The cell performance indicates that roundtrip efficiency of 80% is achieved at 0.48 A/cm2;

however when the stack characteristic is used, the current density required for 80% efficiency

is 0.32 A/cm2. This result suggests that improvement in stack performance, reducing the

internal resistances associated with stacking cells, is necessary to achieve high efficiency with

reasonable current density (i.e., > 0.4 A/cm2).
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Figure 6.1: Efficiency (left) and air temperature increase (right) vs. current density predicted
from both the stack (solid) and cell (dashed) model characteristics.
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The cell heat generation is also quantified in each mode by the air temperature in-

crease and reported in Figure 6.1. Under the baseline operation conditions, the stack is

net endothermic in SOEC mode at the 80% target efficiency, as shown by the negative air

temperature increase at 0.32 A/cm2 and 0.48 A/cm2 for the stack and cell models, respec-

tively. The efficiency is therefore limited by thermal management issues at the system level,

meaning that while it is important to improve the stack performance for power density and

economic reasons, the operating conditions must also be adjusted so that the SOEC mode is

exothermic even at high efficiency. The air temperature rise is >75°C in SOFC mode cell (or

stack) for the range of current densities shown, meaning that the oxidant-channel exhaust

can effectively preheat the oxidant-channel inlet stream. The stack model characteristic is

used for the remaining studies.

The axial cell temperature profiles are shown in Figure 6.2 for current densities of 0.25

and 0.75 A/cm2. For the co-flow configuration used in the base case, the cell temperature

increases in the gas flow direction because gas flow cools the cell at the inlet and is then

heated by the exothermic chemistry and/or irreversible electrochemical conversion losses

along the length of the cell. Larger cell temperature increase and larger axial temperature

gradients are observed for more exothermic operation, either by increased current density or

operating in SOFC mode versus SOEC mode. The SOEC mode -0.25 A/cm2 case is nearly

isothermal, operating within 5°C of the average temperature over the length of the cell. The

cell temperature decrease at the air inlet indicates that the inlet airflow is actually heating

the cell. Alternatively, the 0.75 A/cm2 SOFC mode case shows a temperature difference of

nearly 100°C along the cell. The initial cell temperature decrease in this case is caused by a

small amount of methanation at the gas flow inlet, when the composition is rapidly brought

from the near-equilibrium value at the SOEC outlet (675°C) to the SOFC inlet (610°C).

The temperature profiles in Figure 6.2 do not have the steep gradients and complex

profiles typically observed when operating on, for example, direct internal reforming SOFCs.

Despite the use of carbonaceous reactant species, the composition entering the stack in
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Figure 6.2: Axial temperature profiles for SOFC and SOEC modes at different current
densities in co-flow configuration.

either operating mode is already near the equilibrium composition at the stack operating

conditions. Axial species profiles are shown in Figure 6.3, where the compositions at either

end (zero or unity axial position) represent the stored SOFC or SOEC outlet gases. The

gradual species conversion contributes to the relatively stable temperature profiles. The

methane content generated in the SOEC is 12 mol.%, and the reactant species are primarily

steam and hydrogen.

6.2.2 Reactant composition

Selecting appropriate reactant compositions for the fuel and exhaust tanks requires con-

sidering the effects of cell electrical performance, thermal generation, energy density, and

durability. Furthermore, because the reactant composition in one mode is ultimately gen-

erated from operating in the opposite mode, the compositions are dependent on the stack

operating conditions. In the ReSOC stack, the hydrogen-to-carbon ratio of the reactant

stream remains constant, while the oxygen content is either increased (SOFC mode) or

decreased (SOEC mode).
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Figure 6.3: Axial species profiles in SOFC and SOEC modes in co-flow configuration.

The C-H-O ternary diagram (see Figure 6.4) is used to define the feasible range of com-

positions. Conversion in the ReSOC stack is represented by moving either toward or away

from the oxygen-vertex on the constant H/C lines. The fully oxidized region is the area

where stoichiometry dictates formation of oxygen molecules. The fuel channel composition

in SOFC mode may not be oxidized beyond this point because the cell performance declines

rapidly (i.e., implies UF > 1). The carbon boundary suggests that coking occurs if there is

too much carbon or too little oxygen in the fuel mixture.

The selected fuel composition is near the carbon deposition boundary which enables stor-

ing a highly reduced gas mixture to improve storage energy density and fuel cell performance.
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Figure 6.4: C-H-O ternary diagram showing carbon deposition region (grey), fully oxidized
region (blue), and possible fuel compositions (red lines).

However, there is a range of H-C-O ratios near the deposition boundary which are indicated

by the red lines in Figure 6.4 between HTCR values of 4 and 30. The atomic oxygen content

is limited to a minimum of 3% when not constrained by the carbon deposition boundary.

Due to local variations in temperature and composition, and non-equilibrated conditions

within the porous fuel electrode, the carbon deposition boundary is not a perfect indicator

of safe operating conditions, as discussed in Section 2.2.2. Two cases are considered in this

study: (1) fuel oxygen content constrained by the carbon deposition boundary, and (2) fuel

oxygen content offset from the carbon deposition boundary by 4% atomic oxygen content.

The minimum oxygen-to-carbon ratios for these cases are 0.42 and 1.02, respectively.

The cell voltages in each operating mode and roundtrip efficiency are plotted in Fig-

ure 6.5(a) as a function of HTCR representing the “limiting case” and “+4% O offset” lines

shown in Figure 6.4. For both cases, the roundtrip efficiency is maximized between HTCR

of 6 and 8, and minimized at HTCR of about 12.6, where the composition shifts from being

128



constrained by the carbon deposition boundary to being set by the minimum oxygen con-

straint (i.e., O=3%). The effect of HTCR on stack roundtrip efficiency is relatively minor,

varying by about 1 percentage point over a wide range of compositions.
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Figure 6.5: Cell performance parameters with the composition limited by carbon deposition
boundary and offset by +4% oxygen content, including: (a) cell voltage and roundtrip
efficiency, (b) air temperature increase and generated methane mole fraction.

Switching from the limiting case to the offset case results in a roundtrip efficiency increase

of about 1 percentage point at HTCR=12.6. Both SOFC and SOEC mode voltages decrease

when the fuel oxygen content increases (i.e., offset case); this is explained by decreased OCV

when the cell is exposed to a more oxidized gas mixture. However, a net increase in roundtrip

efficiency is realized because the SOEC voltage decrease is greater than that experienced by

SOFC operation.
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Figure 6.5(b) shows the air temperature increase and generated methane mole fraction

for varied HTCR. The SOEC mode air temperature increase is negative for most of the

range shown, but is maximized for lower oxygen content (i.e., the limiting case, rather than

offset case) and at HTCR of 12.6 which corresponds with the point of minimum efficiency.

The SOFC mode temperature rise is also minimized at HTCR=12.6, which is favorable for

reducing the required cooling airflow and associated compressor load. The maximum SOEC

mode air temperature rise is partially attributed to the lower efficiency at this composition.

However, normalizing the HTCR=12.6 case to a stack roundtrip efficiency of 72.4% (i.e.,

equal to efficiency at HTCR=7.75) by reducing the current density to 0.478 A/cm2 results

in an air temperature rise of 32°C, which is higher than the -6°C rise observed for HTCR=7.75

at 0.5A/cm2. This indicates that the HTCR=12.6 operating point is favorable to system

thermal management because of higher SOEC mode heat generation independent of the cell

efficiency.

The optimal SOEC heat generation behavior at HTCR=12.6 is explained by increased

methane production. The generated methane content shown in Figure 6.5(b) is maximized

to a value of 13 mol.% at HTCR=12.6 for the limiting case. The 4% offset case is endother-

mic for all HTCR. Normalizing the limiting and offset cases to fixed roundtrip efficiency at

HTCR=12.6 by increasing the offset case current density to 0.525 A/cm2 results in higher

SOEC mode heat generation for the limiting case (not shown). This result is consistent

with higher methane formation for the limiting case and concludes that the best thermal

performance is achieved by operating near the carbon deposition boundary. This conclusion

highlights the importance of clarifying how close the gas composition can operate to the

carbon deposition limit without suffering deleterious coking. The base case H-C-O compo-

sition given in Table 6.1 is used as the “fuel” composition in the remaining studies in the

remaining studies. It has an oxygen offset of 2% from the limiting case, oxygen-to-carbon

ratio of 0.68, and an HTCR of 12, which is near the optimal point from Figure 6.5.
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6.2.3 Co- vs. counter-flow configurations

The flow configuration – meaning whether the oxidant and reactant streams are flowing

in the same direction, opposite direction, or perpendicular to each other – also impacts the

cell and system performance. Typically cross-flow performance falls in between that of co-

and counter-flow [171]. The one-dimensional model employed in this study is formulated to

simulate either co- or counter-flow operation. Table 6.2 shows performance results for all

combinations of flow-configuration in SOFC and SOEC mode.

Table 6.2: Performance summary of co- and counter-flow configurations in both operating
modes.

Flow SOFC mode SOEC mode RT
configuration Vcell dT/dx ∆Tair xCH4 Vcell dT/dx ∆Tair xCH4 efficiency
SOFC SOEC mV °C/mm °C % mV °C/mm °C % (%)
co co 862 1.15 129 0.1 1197 0.43 18 11.2 72.0
cntr cntr 869 3.07 138 0.7 1194 0.98 21 12.6 72.8
co cntr 862 1.15 120 0.1 1193 1.04 29 12.8 72.3
cntr co 869 3.13 147 0.7 1197 0.43 11 11.3 72.6
co/counter,

866 1.12 119 0.1 1190 0.99 27 12.7 72.8
0.488 A/cm2

The stack roundtrip efficiency is maximized when both modes are operated in counter-

flow. This is in agreement with previous studies showing highest electrical performance for

counter-flow in SOFCs [147] and SOECs [172]. Perhaps more interesting is the effect of

flow configuration on stack heat generation. Operating the SOFC mode in co-flow and/or

operating the SOEC mode in counter-flow leads to higher SOEC mode heat generation (see

air temperature change, ∆Tair in Table 6.2). These trends are explained by the higher

change in methane mole fraction from fuel channel inlet to outlet in SOEC mode. Counter-

flow operation results in lower fuel-channel outlet gas temperatures because the fuel channel

outlet corresponds with the air cooling inlet. Alternatively, co-flow operation leads to higher

fuel-channel outlet temperatures. When the SOFC is operated in a co-flow configuration, the

higher outlet temperature results in lower outlet methane content when compared to counter-
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flow (see Table 6.2). Further, when SOEC mode is operated in counter-flow, the lower outlet

temperature results in higher methane content. Thus, when the SOFC is operated in co-

flow and SOEC in counter-flow (i.e., co/counter-flow), the amount of exothermic methane

formation is largest compared to the other configurations, leading to maximum SOEC air

temperature rise of 29°C. This configuration also leads to more methane reforming in the

SOFC mode, and an associated minimum SOFC air temperature rise. For practical systems,

the 29°C temperature rise is not sufficient to satisfy pinch temperatures in a preheating heat

exchanger, so oxidant airflow may be reduced to increase the temperature rise with a minor

electrical performance penalty.

The high air temperature increase for the co/counter-flow case is primarily due to in-

creased methanation, but also partially explained by the lower roundtrip efficiency. To

quantify this impact, the efficiency of the co/counter-flow case is increased to the value of the

counter/counter-flow case (i.e., 72.8%) by reducing the current density to 0.488 A/cm2. For

equivalent efficiency, the heat generation is higher when the stack is operated in co/counter-

flow (see Table 6.2). However, the discharge power density at the lower current density is

reduced by 3% compared with the counter/counter-flow case.

The cell durability is also an important consideration in choosing the flow configuration,

as represented here through the maximum cell temperature gradient. Two trends are ob-

served: (i) higher axial temperature gradient is seen for counter-flow operation, which is

consistent with previous SOFC modeling studies [147] and (ii) higher temperature gradient

is seen in SOFC mode, compared with SOEC mode. The second trend is explained by the

cell net heat generation, as shown in Figure 6.2 where higher heat generation also leads to

higher temperature gradients. The high efficiency and near-equilibrium reactant composi-

tions used for this ReSOC application lead to lower axial temperature gradients compared

to typical SOFC applications. Thus, the temperature gradients are not critical in selecting

the most suitable stack flow configurations.

132



Other practical design considerations when selecting flow configuration include reducing

localized variations in the cell environment between operating modes including local tem-

perature, composition, and current density swings. For the co/counter-flow configuration

suggested by the results in Table 6.2, it may be envisioned that the airflow direction is un-

altered between operating modes, while the fuel-channel flow switches direction along with

mode switching. Axial species, temperature, and current density profiles for the co/counter-

flow configuration are shown in Figure 6.6. For this simulation, the air temperature increase

is set to 100°C in both operating modes, replacing the excess air ratio parameter assignment

in the base case. This approach is more suitable to system simulation to ensure the pinch

temperature in the air preheater can be met by the air exhaust stream. However, the ex-

cess air ratios are 6.1 and 1.4 for SOFC and SOEC mode, respectively, which reduces the

practicality of using the same air blower in both operating modes. Additional parameter

adjustment may be employed in system simulations to reduce the difference in airflow rate

between operating modes.

In Figure 6.6(a), the composition at a given axial location in the stack varies less than if

the reactants entered the fuel channel from the same side in each operating mode. However,

system implementation of changing the flow direction in the fuel channel must be addressed.

The temperature and current density magnitude profiles are shown in Figure 6.6(b). The

cell temperature increases in the fuel-flow direction in both modes, meaning that the cell

will undergo localized temperature cycling of up to 50°C. Similarly, the current density

profiles show opposite trends throughout the cell, indicating galvanic cycling between 0.49

and -0.27 A/cm2 at the air inlet, and between 0.43 and -0.65 A/cm2 at the air outlet. The

flow configuration may be selected to either maintain relatively constant gas constitution

in the fuel channel (as shown in Figure 6.6), or more constant temperature profiles (if the

fuel-channel flow direction is the same in each operating mode).
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Figure 6.6: Axial profiles for (a) species, (b) temperature and current density magnitude in
both SOFC and SOEC mode. Co-flow in SOFC mode and counter-flow in SOEC mode with
reversed reactant flow direction and constant airflow direction.

6.2.4 Oxidant composition: air vs. oxygen

A ReSOC energy storage system may be configured to use either ambient air or stored

oxidant (i.e., stored oxygen or oxygen enhanced air). In this section, we consider the efficiency

and thermal impacts of the oxidant composition. Figure 6.7(a) shows the cell voltage and

roundtrip efficiency as a function of oxidant oxygen mole fraction between 21% (air) and

100% (pure oxygen). The stack roundtrip efficiency increases by around 2.5% when the cells

are operated with oxygen rather than air. This benefit is attributed primarily to increased

SOFC mode operating voltage, which overcomes a slight increase in SOEC mode voltage.

In both modes, shifting from air to oxygen increases the OCV and decreases the activation
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and concentration overpotentials. In SOFC mode, these two effects are complimentary,

both favorably increasing the SOFC mode voltage. In SOEC mode, the two effects act in

opposition, where the overpotential is decreased and OCV is increased for a net voltage

increase.
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Figure 6.7: Voltage, stack roundtrip efficiency, and air temperature increase vs. oxidant
composition.

The thermal impact of using oxygen rather than air is that more heat is generated in

SOEC mode and less heat is generated in SOFC mode (see Figure 6.7). Increased heat

generation in SOEC mode, shown as a 10°C larger air temperature increase, is particularly

notable because it occurs despite increased roundtrip efficiency. Shifting from air to oxygen

implies operating the SOFC much more efficiently, and the SOEC slightly less efficiently,

leading to a more beneficial thermal characteristic and improved overall stack roundtrip
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efficiency.

The system implications of storing oxidant are significant. Specifically, this configuration

modification requires an additional pressurized storage tank and compression (and possibly

expansion) turbo-machinery. Ultimately the benefit of using an oxidant with higher oxygen

content is determined by the tradeoff between the stack efficiency and thermal benefit against

the increased capital cost and auxiliary power of the compressor. Pressurizing the ReSOC

stack may be synergistic with storing oxidant because the pressure ratio between the stack

and storage tanks is reduced. While pressurized stacks are presently considered less feasible

at the distributed scale, this configuration may be competitive in applications where energy

density and efficiency are favored over cost.

6.2.5 Fuel-channel product recycle

Recycling the fuel-channel products is a common operating strategy for internal reforming

SOFCs to provide the steam content required for methane reforming (i.e., anode-gas recycle).

SOEC systems also use recycle so that some hydrogen is present at the fuel-channel inlet to

keep from damaging the PEN materials with the otherwise highly oxidized feedstock (i.e.,

H2O and CO2). This recycle is achieved by means of a stream-split downstream of the stack

and a high temperature ejector to mix the recycled stream with fresh product. In a ReSOC

system the implications of product recycle are not obvious and warrants further exploration.

Product recycle — and the recycle ratio defined as the ratio of mass flow in the recycle stream

to mass flow discharged from the stack (see Figure 6.8) — can influence system performance

through the electrical characteristic, thermal characteristic, and local gas compositions. The

effects of recycle also vary between the two operating modes, providing unique benefits

and/or tradeoffs.

Here the impact of fuel-channel recycle is analyzed in terms of the roundtrip efficiency

and heat generation metrics as in the previous sections of this chapter. The base case param-

eters in Table 6.1 are used in this simulation, although the utilization and gas composition

parameters are applied differently. Specifically, the fuel utilization of 60% is set based on
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Figure 6.8: Schematic of the ReSOC stack with fuel-channel product recycle.

the composition at the inlet and outlet of the “ReSOC stack conversion region” shown in

Figure 6.8, which encompasses the stack conversion and recycle processes. As a result, the

fuel utilization in the stack, or “per pass” utilization, is lower than the system fuel utiliza-

tion. The gas compositions are also held constant at the inlet to the “conversion region”,

meaning that the composition entering the fuel-channel is affected by the recycle ratio.

The air temperature increase and cell voltage are plotted as a function of recycle ratio

in Figure 6.9. First, consider varying the recycle ratio at constant current density. As

recycle ratio increases, the cell voltage decreases in SOFC mode and increases in SOEC mode

indicating decreased roundtrip efficiency. These voltage trends are attributed to dilution of

the tanked feedstock gases by the recycle stream and the associated effect on the local

open-circuit voltage. In other words, the fuel cell operates less efficiently when the fuel

feedstock is premixed with exhaust species. Another trend shown in Figure 6.9 is that the

air temperature increase in each operating mode is higher when recycle is employed; although,

this trend is a direct cause of the reduced operating efficiency. When the cell is operated

at constant voltage in each mode (i.e., constant roundtrip efficiency), the air temperature

increase is mostly constant with recycle ratio. The lower air temperature increase at high

recycle ratio in SOEC mode is attributed to a small drop in methane production caused by

the interactions of species conversion and local cell temperature. Ultimately, this analysis

suggests that recycling gas streams exhausted from the fuel channel has the effect of lowering

the roundtrip efficiency. Any thermal management benefit (i.e., increased air temperature
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Figure 6.9: Air temperature increase and cell voltage vs. fuel-channel recycle ratio for (a)
SOFC and (b) SOEC modes at constant cell voltage or constant current density.

rise in SOEC mode), is solely attributed to decreased efficiency, so recycle is not expected

to benefit system performance.

The negative impact of fuel-channel recycle on electrical efficiency discussed above is

common to SOFC systems [171], but this penalty is overcome when considering system

operation because of the reduced boiler load needed to achieve a given steam-to-carbon ratio,

for example. Next we will consider the potential impact of recycle on reactant preheating

in a ReSOC system. In ReSOC systems where water is stored as a liquid, the roundtrip

efficiency is limited by the energetic cost to generate steam in SOEC mode (see Chapters
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Figure 6.10: Composition entering the fuel-channel vs. fuel-channel recycle ratio in (a)
SOFC and (b) SOEC modes with constant composition entering the “conversion region”.

7 and 8). Reducing this evaporation load through product recycle might benefit system

performance. The following example considers a possible approach for realizing this benefit,

but in the end it is not achievable because of carbon deposition constraints in the electrolysis

cell.

In a ReSOC system, the composition entering the “conversion region” in either operating

mode is equal to the tanked compositions. This fresh reactant composition is mostly constant

with fuel-channel recycle, because the products generated in the fuel-channel are only mildly
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affected by the recycle ratio. Thus, the preheating (and steam generation) loads are also

relatively constant with recycle. However, the reactant composition that enters the ReSOC

stack after mixing with the recycle stream does vary with recycle ratio as indicated for both

SOFC and SOEC modes in Figure 6.10. Focusing first on the SOFC mode fuel-channel inlet

composition, it is clear that higher proportion of steam and lower proportion of fuel species

enter the stack as recycle ratio increases. One approach to increasing system efficiency might

be to utilize fuel-channel recycle in SOFC mode and operate the system with more carbon-

species (i.e., lower HTCR) or less oxygen in the stored fuel. A lower hydrogen-to-carbon ratio

would further reduce the evaporator load in SOEC mode as described in Chapter 8, allowing

higher stack and system efficiency. This benefit of fuel-channel recycle appears promising

when considering SOFC mode, but problems arise when accounting for the reversibility

conditions and SOEC mode limitations. Specifically, because the fuel composition consumed

in SOFC mode must be generated from the SOEC mode stack, the produced fuel composition

is constrained by carbon deposition.

Fuel-channel recycle has been shown to decrease electrical efficiency and does not impact

the thermal management or system preheating loads. Additional benefits of recycle that

are not realized in this simplified stack-level analysis may become apparent through system-

level analysis; however, because no benefit is expected from the arguments shown here,

fuel-channel recycle is not considered in the system simulations presented in the following

chapters.

6.2.6 Stack operating pressure

Stack pressurization is an effective strategy to increase ReSOC electrical efficiency by

lowering the activation and concentration polarization losses. Furthermore, increasing the

stack pressure has a major influence on methanation and reforming chemistry, and therefore

on the stack thermal behavior. The stack modeling results given here quantify the roundtrip

stack efficiency and air temperature increase (i.e., waste-heat generation) for intermediate

pressurization (up to 10 bar). The impact of pressurization on the individual ohmic, activa-
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tion, and concentration polarizations is also given. While pressurization increases methane

formation, it is also shown that a different H-C-O composition is necessary to realize this

benefit.
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Figure 6.11: Roundtrip stack efficiency and cell voltages vs. stack pressure.

The roundtrip stack efficiency increases with pressurization because of lower overpotential

in both SOFC and SOEC operating modes. In fact, Figure 6.11 shows a 7 %-point increase in

roundtrip stack efficiency between ambient pressure and 10 bar stack operation at constant

current density. The increased efficiency results from a 53 mV increase in SOFC mode voltage

and a 39 mV decrease in SOEC mode voltage. The effect of pressurization is logarithmic as

has been shown elsewhere [59, 138]. In the model equations, the logarithmic characteristic

with pressurization is attributed to the Nernst and Butler-Volmer equations. Thus, the

benefit of pressurized operation on electrical performance is most prominent below 5 bar.

To further understand the impact of stack pressure on electrical performance, Figure 6.12

shows the change in the individual area specific resistance contributions in both operating

modes with varying pressure. The ASR terms are averaged over the length of the cell. The

ohmic resistance is the primary contribution to total stack ASR, which encompasses both

serial resistance in the MEA and losses from cell-stacking which are invariant with pressure.

Small variations in ohmic ASR with pressure result from changes in the axial cell temperature
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profile and associated impact on local electrolyte conductivity. The activation resistances at

each electrode degrade logarithmically with increased stack pressure. This behavior captures

the increased reactant partial pressure and associated increase in exchange current density

at the fuel and oxygen electrodes. The fuel-electrode activation losses are strongly influenced

by operating pressure, decreasing by 80% from 1–10 bar. It should be noted that pressurized

cell data was not available for this model calibration and the exchange current density

formulation and parameters were taken from different ReSOC models (see 5.1.3).
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Figure 6.12: Stack area specific resistance vs. stack pressure.

Figure 6.12 shows a decreasing concentration polarization with elevated stack pressure.

This is attributed to increased reactant partial pressure and diffusion transport to the active

sites at both electrodes. The activation and concentration polarization resistances show some

discrepancy between SOFC and SOEC modes at ambient pressure, where the SOFC mode

shows higher oxygen-electrode activation but lower fuel-electrode activation and concentra-

tion losses. However, at elevated pressure, the polarization resistances converge between the

two operating modes.

The increased electrical efficiency suggests that pressurized stack operation is beneficial

to system performance, but the thermal behavior must also be considered, here quantified
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through the air temperature increase. This analysis also highlights the interdependence of

stack operating parameters, specifically the pressure and composition (parameterized by the

hydrogen-to-carbon ratio). As pressure increases, the carbon deposition boundary suggests a

more carbonaceous reactant mixture can be used without suffering coking. Figure 6.13 shows

the air temperature increase as a function of pressure for two cases: (i) constant hydrogen-to-

carbon ratio as indicated by the basecase in Table 6.1, and (ii) variable hydrogen-to-carbon

ratio to take advantage of the increased carbon tolerance at elevated pressure suggested by

the thermodynamic deposition boundary.
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Figure 6.13: Air temperature increase vs. stack pressure for constant HTCR of 12 (dashed)
and pressure-dependent HTCR as set by the carbon deposition boundary (solid).

The constant HTCR result in Figure 6.13 shows a slight improvement in SOEC mode

air temperature increase at low pressure, but then a decrease indicating less waste heat

availability at high pressure. As pressure increases, methanation initially increases, but is

quickly limited by the stoichiometry of the baseline H-C-O ratios. At higher pressure, the

increased efficiency leads to lower waste heat generation and lower air temperature increase.

The SOFC mode air temperature increase at constant HTCR is lower at elevated pressure

due to the combined effects of increased efficiency and higher rate of internal reforming

(caused by increased SOEC mode methane generation).
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The real benefit of pressurization on thermal performance is realized when the compo-

sition is also changed along with stack pressure. Figure 6.14 shows the minimum HTCR

as a function of pressure as dictated by the carbon deposition boundary (all compositions

include oxygen content of 5%). The allowable HTCR decreases from the baseline value of

12 at ambient pressure to 6.2 at 10 bar.

By using a variable reactant composition, the effect of pressure on air temperature in-

crease is more significant. Figure 6.13 shows that the SOEC mode air temperature increases

continually with increased pressure for the variable HTCR case (even despite increased elec-

trical efficiency). The SOFC mode air temperature increase also drops more rapidly when

the composition is varied. At pressures greater than 4 bar the air temperature increase

in SOEC mode exceeds that of SOEC mode, indicating that the internal reforming in the

SOFC causes the stack to be more endothermic than the SOEC. This behavior is directly

associated with the increased methane formation when higher pressure and lower HTCR are

used. In Figure 6.14, the constant HTCR case reaches a maximum methane content < 20

mol.% at 10 bar, while the variable HTCR case has methane content exceeding 40 mol.%.
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Similar to the electrical efficiency, the impact of pressurization on the allowable HTCR,

methane content, and air temperature increase are logarithmic, and the largest benefit is

observed at pressures below 5 bar. However, with the combined effects of lower HTCR

and higher pressure, the methane content in the variable H/C case continuse to increase

significantly up to 10 bar (see Figure 6.14).

6.2.7 Stack operating temperature

The results presented thus far show that high roundtrip stack efficiency is achieved using

projected stack performance of current button-cells at 650°C. There is benefit to further

reducing the cell operating temperature, but requires improved cell performance. The present

cells show a nearly 100% increase in cell resistance moving from 650°C to 600°C (see Section

5.1). Lower operating temperature allows increased methane formation in SOEC mode,

benefiting thermal management and energy density.

Model simulations show that at nominal stack temperature of 600°C, the methane formed

in SOEC mode is 19% (versus 13% at 650°C) with an optimal HTCR of 9.9 and fuel oxygen

content of 5%. Other operating conditions include inlet fuel temperature of 550°C, 60%

fuel utilization, and 100°C air temperature increase. For these conditions, the target 80%

efficiency is achieved in conjunction with exothermic electrolysis operation. The excess air

ratios are 3.6 and 1.3 in SOFC and SOEC modes, respectively, suggesting that the air flows

may be serviced by the same equipment (3x difference between operating modes). However,

achieving this efficiency with present stack performance projections requires a low current

density of 0.2 A/cm2.

If cell and stack improvements lead to stack resistance below 0.2 Ωcm2 at 600°C, the high

efficiency can be achieved at practical current densities. It is likely that both cell and stack

improvements will contribute to this target, as the resistance attributed to cell stacking is

currently a significant proportion of total stack losses.
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6.3 Conclusions from the stack modeling studies

Stack operation of a reversible solid oxide cell system is analyzed using a calibrated

computational model. High performance, intermediate temperature button cells made from

LSGM-electrolyte material set show area specific resistance below 0.20 Ωcm2 at 650°C. The

reported cell performance meets target roundtrip efficiencies of 80% at practical operating

current densities (0.48 A/cm2), but additional losses expected from cell-stacking and sys-

tem BOP must be minimized. Improving cell performance at 600°C will benefit system

performance through increased methane formation. The cell heat generation, particularly

in electrolysis mode, is an important system constraint and is influenced by current den-

sity, reactant composition, and flow configuration. Parametric analysis of these operating

parameters reveals tradeoffs between efficiency, thermal management, and durability.

Stack heat generation in SOEC mode is maximized for intermediate hydrogen-to-carbon

ratio of 12.6, and is also improved by using highly reduced fuel mixtures. Operating co-flow

in SOFC mode and counter-flow in SOEC mode improves thermal performance by optimizing

methane production. However, counter-flow operation in both modes optimizes roundtrip

efficiency performance. The specific flow configuration implementation may require switching

flow direction in either the fuel or oxygen channel. Switching fuel-flow direction stabilizes

the local gas composition between operating modes, but the local temperature may cycle

up to 50°C. Increasing the oxygen content of the oxidant / sweep-gas significantly increases

cell electrical and thermal performance, but system challenges and parasitic load associated

with oxidant storage may outweigh the benefit. Because the unique conditions of reversible

systems include near-equilibrated reactant compositions, severe temperature gradients and

cell temperature profiles are greatly mitigated compared with typical internal reforming,

methane-fueled SOFC applications.

To generalize the results, electrolysis heat generation is increased either by increased

methane production or reduced efficiency. Operating modifications that shift efficiency ben-

efit from SOEC to SOFC mode can improve both roundtrip stack efficiency and thermal
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performance (e.g., increasing oxidant oxygen content or using highly reduced fuel composi-

tions). While these results are important in informing stack operation, the tradeoffs must

also be considered within the context of a full system.
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CHAPTER 7

SYSTEM CONFIGURATIONS: ANALYSIS OF A DISTRIBUTED SCALE SYSTEM

The objective of this chapter is to determine favorable system configurations and oper-

ating conditions for stand-alone reversible solid oxide cell systems by evaluating the tech-

nical performance for distributed scale energy storage applications (approx. 100 kW / 1

MWh). This objective is achieved by simulating roundtrip operation of a ReSOC sys-

tem through steady-state computational modeling with a physically based ReSOC stack

model and thermodynamic system component models. The stack model is calibrated to

high performance intermediate temperature magnesium- and strontium-doped lanthanum

gallate (LSGM)-electrolyte cells, as described in Chapter 5 and operated at 600°C. Various

system configurations are evaluated based on roundtrip efficiency and tanked energy density.

A series of system configurations are presented starting with the stored-vapor case, in

which tanked reactants are stored at elevated temperature to maintain vapor phase of stored

water. As will be shown, this system suffers from relatively low energy density, but achieves

high efficiency, particularly with the inclusion of an expansion turbine to recuperate losses

from compressing gas to tanks pressure. Next, an alternate approach is considered in which

water is condensed out of the gas streams and stored in a separate reservoir prior to compres-

sion. This approach enables lower temperature and higher energy density storage for more

economical tank sizing. The efficiency of this water separation configuration is limited by

the energetic requirement to re-boil reactant water. Within each configuration, parametric

studies reveal the impact of key operating conditions such as fuel utilization, current density,

and tank pressure. The different systems are compared based on their efficiency and energy

density performance metrics, including a discussion of the implications of transient tanked

storage and projected improvements in ReSOC stack performance.
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7.1 Stored vapor system results

The stored vapor system schematic and statepoint data for SOFC and SOEC modes are

shown in Figure 7.1. This system includes heat exchangers to preheat reactants and cool

stack products, and compressors to pump stack products back to the storage tanks. The

reactant species are preheated from the storage tank temperature (fixed to 50°C above sat-

uration) to the stack inlet temperature, which requires a thermal load of 7-9 kW depending

on the operating mode. The gas streams are heated and electrochemically converted in the

stack which operates at sufficiently high overpotentials to be net exothermic. Thus, the hot

fuel and air channel tail-gases can be used to recuperatively preheat the incoming reactant

streams. Additional preheating is provided from hot gases downstream of the fuel compres-

sors. The stack inlet reactant gas temperatures are 50°C and 72°C below nominal stack

temperature in SOFC and SOEC modes, respectively. The lower stack inlet temperature in

SOEC mode ensures that the pinch temperature is met in the fuel preheater due to the higher

heat capacitance rate of the cold-side gas. A different preheating strategy of using an electric

heater is discussed in Section 7.1.2, but ultimately is not considered feasible under the present

operating conditions. The fuel heat exchanger serves two important functions: to preheat

reactant gases and to cool product gases for compression. Because of the imbalance in flow

rates and heat of compression, the fuel preheat does not lower the stack tail-gas enough to

achieve a sufficiently low compressor inlet temperature. Thus, pre-compressor cooling and

inter-stage cooling using system airflow as a heat sink lowers compression temperature to a

minimum compressor inlet temperature of 50°C above saturation.

The air preheater and intercooling processes increase the ambient air temperature from

25°C to an inlet ReSOC oxygen channel temperature of 460°C (SOFC) or 544°C (SOEC)

as shown in Figure 7.1. The air flowrate and stack-inlet temperature are selected such that

a nominal stack temperature (e.g., 600°C) is achieved with a specified air temperature rise

of 150°C (SOFC) and 50°C (SOEC) across the air electrode side of the stack. Despite the

internal chemical reactions balancing the thermal load between operating modes, the stack
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Figure 7.1: Statepoint data and system schematic for the distributed scale stored vapor
system.

is more exothermic in SOFC mode. Thus, the air temperature rise in SOFC mode is higher

compared to SOEC mode resulting in more similar air flowrates and exhaust temperatures

(350°–365°C).

The stack and system efficiencies for the stored vapor system are 83.6% and 65.4%,

respectively, indicating that a significant efficiency penalty is incurred from compression

parasitics. In each operating mode, the fuel compressor load is 7–12 times larger than the

air blower load due to the much higher pressure ratio. However, the preheat load is higher
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on the air-side due to the higher flowrate of air compared to fuel and exhaust. The thermal

or electric loads on the BOP are similar enough between SOFC and SOEC modes that the

system may be dual-mode operated using the same components, favorably reducing system

capital cost; although system simulation with specified hardware is required to validate this

design approach.

The volumetric energy density is 18.9 kWh/m3 for the stored vapor system. For an 8

hour operating duration at 100 kW stack discharge power, the fuel and exhaust tank volumes

are 14.3 and 21.6 m3, respectively as calculated by Equation 5.24. The temperature of the

compressed fuel and exhaust streams enter their respective storage tanks above the tank

temperature. The elevated gas inlet temperature allows for heat loss to the environment

through the tank insulation, but additional heat may need to be removed from the stream

prior to tanking to account for compression heat within the rigid tank. In any case, higher

fidelity analysis to explore the transient effects of storage with specified tank geometry and

materials is necessary to complete this element of the system design.

Improving system efficiency requires reducing the auxiliary power loads. The perfor-

mance impacts of operating conditions, including fuel utilization and current density, and

the addition of a fuel expander are considered for the stored vapor system next.

7.1.1 Fuel utilization parameter study

A consequence of the relatively low fuel utilization (65%) given in the Figure 7.1 results is

that a significant fraction of the reactants and products transported through the system are

not used in the electrochemical conversion. On the other hand, heat evolution in the ReSOC

stack is strongly influenced by fuel utilization, resulting in either more exothermic SOFC

operation or more endothermic SOEC operation with increasing fuel utilization. The reader

is referred to Section 4.4 for a discussion on the influence of utilization on stack thermal

characteristic.

Stack and system efficiency are plotted as a function of fuel utilization in Figure 7.2(a) at

a fixed current density of 0.20 A/cm2, meaning that fuel utilization is increased by reducing

151



0R5 0R55 0R6 0R65 0R7 0R75
0

5

10

15

20

Fuel utilization

P
o

w
er

%k
W

g

SOFCpfuelpcompressor

SOECpfuelpcompressor

SOECpairpblower SOFCpairpblower

0R5 0R55 0R6 0R65 0R7 0R75
50

60

70

80

90

14

16

18

20

22

E
ff

ic
ie

n
cy

%9
g

E
n

e
rg

y
d

en
si

ty
%k

W
h

/m
3 g

Roundtrippsystempefficiency

Fuel utilization

Roundtrippstackpefficiency

Energy
density

%ag %bg

Figure 7.2: (a) Efficiency, energy density, and (b) auxiliary power load for varying fuel
utilization in the stored vapor system at nominal stack temperature of 600°C, current density
of 0.20 A/cm2, and tank pressure of 20 bar.

the reactant flow. Roundtrip system efficiency increases with increased fuel utilization be-

cause the fuel compressor loads are lower relative to stack power. Stack efficiency is relatively

constant with fuel utilization, but experiences a slightly negative effect from increasing re-

actant depletion in the fuel and oxygen channels. A limiting condition occurs near 72% fuel

utilization where the SOEC mode stack shifts from exothermic to thermoneutral operation.

Figure 7.2(b) shows the electricity consumption by the fuel and air pumps. The SOEC mode

air blower load drops to zero at 72% utilization, indicating that no cooling airflow is required

(i.e., thermoneutral point reached). The opposite trend is seen in SOFC mode where the low

air blower parasitic power at low utilization results from the stack being more endothermic

(efficient) and thus requiring less cooling airflow.

The fuel compressor load decreases significantly with fuel utilization in SOFC mode.

In SOEC mode, the fuel compressor load decreases slightly because of competing effects

between lower gas flows and higher inlet compressor temperatures due to the lower available

airstream heat capacitance rate which provides intercooling. Lack of intercooling leads to a

rapid increase in SOEC compressor power and associated decrease in system efficiency as the

SOEC mode approaches thermoneutral operation. Using an alternate intercooling heat sink

(e.g., ambient air or process water) can mitigate the decreased roundtrip efficiency at 72%
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fuel utilization, but the energy deficit in SOEC mode prevents further efficiency improvement

within the present system design. Increasing utilization to around 70% maximizes roundtrip

efficiency, but also imbalances the air-side BOP load between SOFC and SOEC modes,

potentially making it difficult to use the same set of BOP components in both modes.

Energy density increases with increased fuel utilization as shown in Figure 7.2(a) because a

lesser volume of fuel and exhaust must be stored for equivalent energy capacity. The storage

conditions (T, p, xi) do not vary significantly with fuel utilization, so the change in energy

density is solely attributed to achieving equivalent energy capacity with a lesser amount of

gas stored.

7.1.2 Current density parameter study

The system efficiency is improved by operating the stack more efficiently (i.e., at lower

current density), but the ultimate merit of this design condition is best informed through an

economic analysis that judiciously weights low power density stack operation, capital cost

associated with system thermal management, and operating costs (electrical energy, O&M).

At lower current density, the stack generates less waste heat and therefore preheating process

streams with reasonable pinch temperatures is problematic. Figure 7.3 shows the roundtrip

efficiency for varied current density for the stored vapor system. Improvement to 66.8%

system efficiency is achieved at 0.15 A/cm2. However, at lower current density the system

efficiency degrades because much less cooling airflow is available for compressor intercooling

in SOEC mode as the stack approaches the thermoneutral point at about 0.10 A/cm2.

An alternate operating strategy might consider operating at voltages below the ther-

moneutral voltage and supplying the deficit thermal energy in the SOEC stack with, for

example, an electric heater integrated with the stack to preheat reactant gases or otherwise

maintain stack temperature. The electric heater allows the SOEC stack to operate under

endothermic conditions, but the power supplied to the heater must be included in the ef-

ficiency definition as auxiliary power. The SOEC stack efficiency is constant with current

density if the stack is at or below the thermoneutral voltage. However, a roundtrip efficiency
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Figure 7.3: Efficiency vs. current density for the stored vapor system at nominal stack
temperature of 600°C, fuel utilization of 65%, and tank pressure of 20 bar.

benefit may be realized due to a higher operating voltage in SOFC mode, which is required

to satisfy the charge balance constraint with equal charge/discharge durations. Ultimately,

this strategy is not considered in the present work because the thermoneutral voltage is

reached in SOEC mode at low overpotential (< 50 mV), so operating at even lower power

density values is not considered economically feasible. The electric heater approach may be

more realistically considered in steam-hydrogen systems where reaching the thermoneutral

voltage requires high overpotential.

7.1.3 Expansion turbine system configuration

Another method for system performance improvement is integrating a fuel expansion

turbine to recover energy as reactant streams are discharged from pressurized tanks. For

the conditions in Figure 7.1, including an 80% isentropic efficiency turbine in place of the

tank discharge valve in both operating modes increases system efficiency to 73.7% an 8.5-

percentage point increase. Small-scale (1-10 kW) scroll expanders developed for PEM fuel

cell systems and experimental organic Rankine cycles suggest that high efficiency expansion

is viable at the proposed scale [173].
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Figure 7.4: Efficiency and energy density vs. tank pressure for the stored vapor system with
and without an expander at nominal stack temperature of 600°C, fuel utilization of 65%,
and current density of 0.20 A/cm2.

The system efficiency and tank energy density are shown as a function of tank pressure

in Figure 7.4 (recall that this nominal tank pressure is approximately half of the maximum

tank pressure). Using a turbine expander increases the system efficiency, particularly at high

tank pressure. Furthermore, the energy density increases significantly with increased storage

pressure and the turbine configuration enables higher storage pressure while maintaining

>70% roundtrip efficiency. The energy density trend shown in Figure 7.4 is explained because

less volume is required to store the required quantity of gas at high pressure. In fact, the

stored compositions do not deviate from those shown in Figure 7.1 as storage pressure

increases. The compositions in the tanks are not chemically altered between the stack fuel-

channel outlet and storage tank, meaning that they are not in chemical equilibrium at the

storage conditions. The composition is expected to remain stable over the time-scales of

roundtrip storage (e.g., days to weeks) when uncatalyzed. The energy density improves

slightly when a turbine is included in the system because the system roundtrip efficiency is

higher and therefore less gas must be stored for equivalent energy discharge capacity. That

is, because the net power generation in SOFC mode is higher due to the added turbine, more

155



energy can be extracted from a fixed amount of stored fuel.

7.2 Water separation system results

Separating water from the fuel and exhaust gas streams prior to storage benefits system

efficiency by reducing the compressor flowrate and temperature; and it also benefits energy

density by reducing the mass and temperature of the stored gaseous reactants. These benefits

come at the expense of needing to supply thermal energy to re-boil reactant water, which

particularly impacts the process thermal management in electrolysis mode where steam is a

major reactant.

The statepoint data and system configuration for the water separation case are shown in

Figure 7.5. The reactant heating load increases from the stored vapor case to 15.3 and 33.9

kW in SOFC and SOEC mode, respectively, because of the lower storage temperature and

additional boiler load. Operating conditions are selected to satisfy the increased thermal

load while maintaining high stack efficiency. For example, an ejector is included to recycle

air sweep-gas exhausted from the stack in SOEC mode. Mixing the recycled gas with fresh

air achieves the stack inlet temperature setpoint such that 16.3 kW can be extracted from

the high temperature air exhaust for boiling and water superheat. The remaining boiler load

is satisfied by hot gas exhausted from the stack fuel channel. Most of the fuel preheat is

provided by the hot compressor exhaust gas (5.1 kW) at 343°C so that the higher quality

fuel exhaust can be utilized for water superheat at 461°C.

Despite these operating modifications, the stack must operate less efficiently compared to

the stored vapor system to overcome the increased preheating requirements. Stack efficiency

of nearly 80% is achieved with an operating current density of 0.27 A/cm2. However, the

auxiliary power load is also lower relative to the stored vapor case as a consequence of lower

flowrate and lower temperature at the compressor inlet. The system efficiency is 65.1%,

which is slightly lower than the stored vapor basecase shown in Figure 7.1. Because the

stack efficiency is limited by the need to generate enough waste heat for the preheating load,

the stack cannot be operated more efficiently, for example as shown in the stored vapor case

156



results of Figure 7.3.

The system concept employing water separation achieves a tank energy density of 36.8

kWh/m3 (95% higher than storing vapor). Both fuel and exhaust tanks are set to ambi-

ent temperature for storage, which allows higher energy density and mitigates the need to

maintain high tank temperature during operation (as in the stored vapor case). Tank inlet

gases are at an elevated temperature of 121-135°C, which may increase storage temperature

if heat loss through the tank walls is not sufficient. The saturation temperature is higher at
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Figure 7.5: Statepoint data and system schematic for the distributed scale water separation
system.
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the elevated storage pressure compared to the ambient pressure condenser. Thus, additional

water condensation will occur as tanked gases cool to ambient temperature. This water

may condense in the storage tank or be removed with a condenser prior to tanking. For

the results presented in Figure 7.5, the water is assumed to condense in the storage tanks,

meaning that more water must be re-boiled than was condensed in the opposite operating

mode. This approach also requires intermittent blowdown of the liquid accumulated in the

tanks.

The difference in preheating loads between operating modes results in a significant imbal-

ance of the thermal load on some components. Specifically, the boiler load differs by a factor

of 7, while the condenser and air preheater are each only used in one operating mode. This

imbalance in thermal loads may require bypass lines when selecting specific BOP hardware.

Including an expansion turbine in the water separation system improves roundtrip ef-

ficiency to 68.3%; although the turbine is only used in SOFC operating mode. Because

efficiency is limited by SOEC mode heat generation, extracting enthalpy from the preheat

gas streams with a turbine requires operating the stack at lower efficiency (e.g., by increasing

current density) such that the system efficiency is ultimately lowered.

7.3 System configuration comparison

Performance of the stored vapor and water separation system configurations are summa-

rized in Table 7.1. The highest roundtrip efficiency of 73.7% is obtained using the stored

vapor configuration with a fuel expander. The energy density of the system increases by

120% if the tank pressure is increased to a nominal 50 bar, with an associated decrease in

system efficiency of 2.9 percentage points.

Comparing the stored vapor and water separation systems without a fuel expander, the

water separation system has slightly lower roundtrip efficiency, but almost twice the energy

storage capacity for a given size tank at 20 bar storage pressure. However, including a

turbine in the water separation system does not have as much benefit as in the stored vapor

system because less gas is expanded from the pressurized storage tank and the turbine is

158



Table 7.1: Summary of distributed scale system performance for different configurations.

ηsystem ηstack j ptank εst HX UA
Configuration (%) (%) (A/cm2) (bar) (kWh/m3) (W/K)
Stored vapor 65.4 83.6 0.20 20 18.9 439
Stored vapor + fuel expander 73.7 83.8 0.20 20 20.1 589
Stored vapor + fuel expander 70.8 83.8 0.20 50 44.2 594
Water separation 65.1 79.9 0.27 20 36.8 1443
Water separation + fuel expander 68.3 79.9 0.27 20 38.4 1475
Water separation + fuel expander 65.5 79.9 0.27 50 89.2 1428

only used in SOFC mode in the water separation system. The water separation system with

a turbine and an average 50 bar storage pressure achieves the highest energy density of 89.2

kWh/m3.

In general, the stored vapor approach has higher roundtrip system efficiency, while the

water separation approach has higher energy density. The system design challenges in the

stored vapor case are focused on reducing the auxiliary power load of the fuel compressors by,

for example, increasing fuel utilization or lowering the compression temperature. Utilizing

a fuel expander in the stored vapor case is instrumental in maintaining high efficiency at

elevated storage pressure. In contrast, the challenges in achieving high efficiency in the

water separation system concept relate to operating the stack as efficiently as possible while

still satisfying the preheating load (i.e., boiler load) in SOEC mode. Thus, configuration

and operating condition modifications that increase heat generation in SOEC mode without

lower stack efficiency are beneficial, for example lowering stack temperature or increasing

stack pressure which consequently increase the extent of internal methanation.

The total system overall heat transfer coefficients (HX UA) are calculated from the log

mean temperature difference and heat transfer in each heat exchange component and re-

ported in Table 7.1. In general, the water separation systems have a UA value about 3 times

greater than the stored vapor systems, indicating increased system cost. The difference is

primarily attributed to the additional boiler and condenser in the water separation system.
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In fact, in the water separation systems, the condenser and boiler account for about 46%

and 18%, respectively, of the total system UA. System UA increases when a fuel expander

is included in the stored vapor system mostly because an additional heat exchanger is in-

cluded to preheat fuel gases after turbine expansion using the hot air exhaust. Alternatively,

the water separation system configuration has no additional heat exchangers when a fuel

expander is included, and changes to the total UA are attributed to small variations in heat

exchanger loads and approach temperature differences.

7.4 Influence of lower stack ASR on system performance

Improvements in cell-stack performance by lowering the effective stack ASR can affect

the system in a number of ways. The calibrated cell model used in the simulations has an

ASR of about 0.40 Ωcm2 at 600°C, and the resistance decreases to about 0.20 Ωcm2 at 650°C.

Improving the cell performance at 600°C will allow the stack to operate at a higher power

density while still achieving the system efficiencies reported in Table 7.1. The previous system

results show that system efficiency is limited by energetic preheating requirements, meaning

that improving the cell performance will not enable roundtrip efficiencies higher than those

already presented. However, system cost will certainly be affected by ASR improvements.

Figure 7.6 shows the SOFC mode power density vs. ASR for the stored vapor + fuel expander

configuration. For the conditions considered in this study at a current density of 0.20 A/cm2,

present day button-cell performance achieves a power density of 0.18 W/cm2 when operating

on carbonaceous reactants. The power density increases to 0.39 W/cm2 at 0.40 A/cm2 for

an improved ASR of 0.20 Ωcm2. Economically viable current densities for full-scale ReSOC

systems will likely require stack-level ASRs very near these performance levels.

7.5 Implications of tanked storage

The steady state results presented herein reveal useful tradeoffs between efficiency and

energy density within different system configurations. However, energy storage is inherently a

dynamic process and the implications of tanked storage must be considered in system design
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Figure 7.6: Power density and current density vs. area specific resistance for projected
improvements in cell-stack performance at constant efficiency of 73.7% for the “stored vapor
+ fuel expander” configuration with nominal stack temperature of 600°C and fuel utilization
of 65%.

and analysis. This section discusses some implications of tank property variation during

filling and evacuating, the interdependency of thermal management and compression, and

elevated temperature storage for the stored vapor system.

For rigid tanks, temperature variation associated with pressure change during filling

and evacuation will change system performance by influencing BOP operation and tank

conditions. As the tank is discharged, temperature and pressure decrease, increasing the

preheating load to achieve a given stack inlet temperature and eventually condensing the

water vapor present in the gas mixture. Satisfying the increased thermal load may require

a lower stack efficiency to increase stack waste heat generation. Alternatively, the opposite

tank (i.e., that being filled) will increase in temperature, so thermally integrating the two

storage tanks may mitigate the temperature variations. The tank property variations are

particularly impactful in the stored vapor system approach where pressure variations affect

dewpoint temperature. For the water separation systems, heat exchange with the environ-

ment may stabilize tank temperatures and declaring tank geometry and material properties

is necessary to inform this design.
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Another potential challenge for the systems considered in this study is that they utilize

compression heat to preheat reactant streams. Under transient operation, the compression

heat will vary with tank pressure. For example, when the system is initially discharging from

a fully-charged state, the exhaust tank will have low pressure and little compression heat

is available for preheating. The deficit heat may require lower efficiency stack operation.

The auxiliary power from compressors and turbines will also vary with state of charge.

Preliminary analysis indicates that the roundtrip efficiency of systems with turbine expansion

improves slightly when considered over a full charge/discharge cycle compared to the steady

state efficiency at nominal storage pressures as presented here. However, the integration of

preheating with compression heat and tank pressure variation indicates that the roundtrip

efficiency will depend on system state of charge and depth of discharge.

A variable volume storage tank will solve many of the issues discussed in this section by

maintaining relatively constant tank pressure during operation. One considered approach

to variable volume tanking is a “floating piston” tank where a rigid vessel is separated into

two compartments by a movable partition, creating distinct fuel and exhaust chambers.

This arrangement mitigates many problems associated with individual rigid tanks and also

increases energy density by reducing the total tank volume [109, 174].

7.6 Conclusions from the system configuration study

In this chapter, stand-alone energy storage systems utilizing reversible solid oxide cells

were conceptualized and analyzed for 100 kW-scale distributed applications. System mod-

eling is used to calculate efficiency and energy density metrics using a calibrated ReSOC

model based on intermediate temperature LSGM-electrolyte data at 600°C. The system re-

sults compare “stored vapor” and “water separation” strategies, which are distinguished by

the phase of the H2O constituent during tanked storage. The stored vapor system achieves

higher roundtrip system efficiency of 73.7% compared to 68.3% in the water separation case.

The water separation case is limited by the thermal load required to re-boil water in SOEC

mode. A fuel expander is necessary to achieve high roundtrip efficiency, particularly at el-
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evated storage pressure in the stored vapor system. The energy density is higher in the

water separation system as a result of the lower quantity of stored gas and lower storage

temperature. Energy density of 89.2 kWh/m3 is achieved in the water separation case for a

nominal storage pressure of 50 bar compared to 44.2 kWh/m3 at the same storage pressure

for the stored vapor case.

The effects of improvement in ReSOC cell-stack performance and transient tanked storage

on system efficiency are also discussed. Improved cell performance does not allow increased

roundtrip system efficiency because roundtrip efficiency is limited by energetic preheating

loads. However, reducing present day cell resistance from about 0.40 to 0.20 Ωcm2 at 600°C

will increase power density from 0.18 to 0.39 W/cm2 for fixed system efficiency. System sim-

ulations during transient charge/discharge operation must be explored to address unresolved

design decisions related to the variation in tank properties during filling and evacuation. The

tank design will affect system efficiency because of the interdependence with preheating and

turbomachinery loads.
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CHAPTER 8

STACK AND SYSTEM OPERATING CONDITIONS: ANALYSIS OF A BULK-SCALE

SYSTEM

The previous chapter compared different ReSOC system configurations for distributed

applications. While those systems can be envisioned as an initial market penetration it is

also interesting and informative to consider the possibility of ReSOC energy storage systems

for bulk-scale applications. In this chapter, a viable system configuration is presented for

intermediate- (> 10 MWh) and large-scale (GWh) energy storage applications. The systems

suitable for large application scales have increased complexity compared to the distributed-

scale systems shown previously. The increased application scale and increased importance

to maximize system efficiency when larger amounts of energy are being converted necessitate

increased turbomachinery and consequently more complex system integration. A result of

the increased system complexity is that stack operating conditions have a greater impact on

system performance through the integrated BOP. Thus, this chapter explores the impact of

key operating conditions on system efficiency and draws additional conclusions relevant to

operating ReSOC systems in large-scale applications. Roundtrip system efficiency estimates

are generated from computational modeling using performance on par with state-of-the-art

steam-hydrogen fueled ReSOCs.

8.1 Calculation methodology

For this operating condition study, some modifications have been made to the ReSOC

stack model and modeling methodology which require additional explanation.

8.1.1 Stack model modifications

The stack model used to generate model results in this chapter differs slightly from that

presented in Chapter 5. Specifically, because of the wide range of operating conditions ex-
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plored here, a single calibrated electrochemical characteristic will strongly weight the results

toward the optimized operating temperature (e.g., high temperature for a YSZ-electrolyte

cell, intermediate temperature for an LSGM-electrolyte cell). The electrochemical charac-

teristic is modified here to assume a constant ASR value of 0.20 Ω cm2 and the cell voltage

is calculated as:

Vcell = EN(T, p, xi)− ASR ∗ j (8.1)

where EN is calculated as in Equation 2.7. The model includes discretized mass and energy

balances on the cell channel as described in Section 5.1, and Equation 8.1 simply replaces

Equation 5.1.

8.1.2 Model parameter selection

The selected current density and fuel composition are important model parameters that

depend on the stack temperature and pressure. As noted previously, it is desirable to op-

erate with high concentrations of carbonaceous species (i.e., low hydrogen-to-carbon ratio)

for stack and system thermal management, for example, using methane. However, at these

operating temperatures (>550°C), carbon containing reactant gases can deposit coke on elec-

trode surface, reducing performance. For this study, the thermodynamic carbon deposition

limit is used to select reactant compositions that are expected to avoid coke formation.

The current density is selected to ensure that enough waste heat is generated by the stack

to meet the process gas heating requirements including reactant preheat and steam evapo-

ration. The waste heat generated within the cell stack due to resistive losses is a nonlinear

function of the operating current density and is a direct result of stack inefficiency. Operat-

ing the stack efficiently enough to maintain high roundtrip efficiency while also generating

enough waste heat for gas processing can be a challenge. In many stationary energy storage

applications, high system efficiency is valued over high power density (i.e., high current den-

sity). Ultimately the balance between these performance parameters requires considering

economic impact.
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Practically, the minimum current density is determined based on the thermal require-

ments in SOEC mode because a large quantity of steam must be generated and the elec-

trochemical reduction reactions are endothermic. These endothermic processes are offset by

heat generated in the stack from both methanation of generated fuel species and resistive

heating associated with stack polarizations. If, for example, less heat is generated from the

methanation reaction because of the selected fuel constituents or stack conditions (T, p),

then a greater operating current density is required to provide the needed thermal energy.

The “discharging” (SOFC) mode is exothermic for all but very low current densities.

Selecting the current density in each mode of operation also requires considering the

operating durations. For example, if the charge duration is twice as long as the discharge

duration, then the discharge current density must be twice as large as the charging current

density to return the system to its original state of charge. For this study, the charge and

discharge duration are assumed to be equal, such that the current density is equal in both

modes and is set to the minimum value that allows exothermic “charging” (SOEC) mode.

In the following modeling results, the fuel utilization parameter (see Equation 2.4) is

used to describe the extent of electrochemical conversion in both operating modes. This

implies that the SOFC mode operating conditions (e.g., fuel flow) satisfy the prescribed

fuel utilization, and the SOEC mode conditions are such that the fuel flow rate generates

a fuel mixture suitable for sustaining repeated charge/discharge cycles. Said differently,

the charging mode parameters are set to return the system to its original state of charge

following system discharge at the prescribed fuel utilization. The reactant utilization could

alternatively be used in place of the fuel utilization parameter, but was not considered in

the present study.

8.2 System modeling results and discussion

The following modeling results describe the technical performance of a 10 MW stack

discharge power ReSOC system by reporting the efficiency and energy density at different

operating conditions. First, a base case system is presented including a discussion of the
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selected system BOP configuration applicable for bulk-scale applications. Next, parametric

studies of stack pressure, stack temperature, fuel utilization, and operating duration are

reported and discussed.

8.2.1 Base case results

The base case system operating parameters include a nominal stack temperature of 650°C,

stack pressure of 20 bar, and fuel utilization of 90%. Other relevant operating parameters for

the base case are listed in Table 8.1 along with the ranges explored in the following parametric

studies. The electric power from the ReSOC stack and system components in both modes

of operation are shown in Figure 8.1. Nevertheless, the efficiency results presented in this

paper are considered to be scale-independent because the stack performance is estimated by

extrapolating from a channel-level cell model and the BOP performance is set by isentropic

efficiency specifications. The statepoint data and gas mixture compositions for the base case

system are listed in Table 8.2 and Table 8.3.

Table 8.1: Model parameters for the bulk-scale system base case and parametric studies.

Operating parameter Base value (Parametric study range)
Stack pressure 20 bar (5-150)
Average stack temperature 650°C (500-800)
Fuel utilization 90% (55-90)
Hydrogen-to-carbon ratio 6.19 (5-10)
Average current density 0.695A/cm2 (0.55-1.15)
Charge/discharge duration ratio 1.0 (0.5-2.5)
Area specific resistance 0.20 Ωcm2

Storage tank temperature 25°C
Storage tank pressure 160 bar
SOFC mode oxidant recycle ratio 60-65%
SOEC mode oxidant recycle ratio 50-70%
Minimum SOFC excess air ratio 1.5 stoichs
Oxidant channel temp. increase 150°C
Fuel channel inlet temp. 100°C less stack temp.
Compressor isentropic efficiency 88%
Turbine isentropic efficiency 90%
Ejector efficiency 20%
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Table 8.2: Statepoint data for the base case system shown in Figure 8.1.

State Flow T p Composition
point (kg/s) (°C) (bar)

SOFC mode
1 25.8 25 160.0 Fuel (stored)
2 32.3 145 20.0 Fuel + steam
3 32.3 550 20.0 Fuel + steam
4 128.5 615 20.0 Exhaust + steam
5 63.5 50 20.0 Exhaust (stored)
6 63.5 139 160.0 Exhaust (stored)
7 523.9 25 1.0 21% O2 / 79% N2
8 523.9 288 20.38 21% O2 / 79% N2
9 1284.3 517 20.0 12% O2 / 88% N2
10 1188.0 667 19.97 5% O2 / 95% N2
11 760.4 667 19.97 5% O2 / 95% N2
12 427.6 667 19.97 5% O2 / 93% N2
13 427.6 100 1.1 5% O2 / 95% N2

SOEC mode
1 26.0 25 160.0 Exhaust (stored)
2 128.5 207 20.0 Exhaust + steam
3 128.5 550 20.0 Exhaust + steam
4 32.3 618 20.0 Fuel + steam
5 26.0 50 20.0 Fuel (stored)
6 26.0 162 160.0 Fuel (stored)
7 227.6 25 1.0 21% O2 / 79% N2
8 227.6 112 20.93 21% O2 / 79% N2
9 802.7 506 20.0 36% O2 / 64% N2
10 898.9 656 19.97 43% O2 / 57% N2
11 575.0 656 19.97 43% O2 / 57% N2
12 323.8 656 19.97 43% O2 / 57% N2
13 323.8 87 1.1 43% O2 / 57% N2

Table 8.3: Gas compositions represented in the base case system.

Gas composition mole fractions (%)
H2 CO CH4 H2O CO2

Exhaust (stored) 23.6 3.4 2.0 <0.1 71.0
Exhaust + steam 8.2 1.2 0.7 65.4 24.6
Fuel (stored) 38.2 0.5 60.9 <0.1 0.5
Fuel + steam 33.1 0.4 52.8 13.3 0.4
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Figure 8.1: Basecase system schematic for bulk-scale applications with component electric
power loads in both SOFC and SOEC modes (see Table 8.1, Table 8.2 and Table 8.3 for
operating conditions, statepoint data, and gas compositions, respectively).

The base case system stores electricity with dc roundtrip stack and system efficiencies

of 72.8% and 72.6%, respectively. It is notable that the system efficiency is nearly as large

as the stack efficiency, indicating that most of the power consumed during compression

is recuperated in the expansion processes. This configuration is similar to an SOFC-gas

turbine hybrid system, but differs because stack tail-gases are not combusted such that

a smaller fraction of the compressor power is recuperated from expansion. The ensuing

parametric studies show that some net power is generated from the BOP under certain

operating conditions. In the base case system, for example, the air expansion process in

SOFC mode produces 205 kW while air compression consumes only 189 kW. Net power is

generated by the air turbomachinery in SOFC mode but not in SOEC mode. The reason for

this difference can be explained by the thermal interactions of the BOP components. For

example, in SOEC mode the main reactant is H2O which leads to a high evaporation heat

load and the air exhausted from the stack is the primary heat source for this evaporation

process. Therefore, relatively less power is generated from the SOEC mode air expansion
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compared to SOFC mode because the expansion temperatures are lower after heat is provided

to the evaporator.

The power loads on the air turbomachinery are an order of magnitude larger than the fuel

expansion/compression processes because of high air flowrates. Thus, system performance is

more drastically impacted by the air BOP components than fuel BOP components, which is a

useful conclusion in understanding the parametric study results. Also, the power requirement

of the air expansion/compression in SOFC mode is about 2.5-3.5 times larger than that for

SOEC mode. This is because the SOFC mode stack operates more exothermically and thus

requires more cooling airflow, despite significant internal methanation in SOEC mode.

The following parametric studies consider the effect of ReSOC stack temperature, pres-

sure, fuel utilization, and operating duration on system efficiency. These parameters are

significant because they impact stack thermal management, including the kinetic and ther-

modynamic effect on methane formation and steam-methane reforming. System operation is

also affected by these parameters, for example, by the influences on heat exchanger preheat-

ing and recuperation duties, and compressor and turbine power consumption and generation.

8.2.2 Stack pressure parametric study

The operating pressure of the ReSOC stack has a significant impact on the system ef-

ficiency. Importantly, stack pressure also affects the minimum current density required to

satisfy gas processing thermal loads, and the reactant composition which is expected to mit-

igate carbon deposition. Figure 8.2 shows the fuel composition in terms of the minimum

molar hydrogen-to-carbon ratio allowed and average stack current density as a function of

ReSOC operating pressure at a fixed average stack temperature of 650°C, fuel utilization

of 90%, and storage pressure of 160 bar. A plot of the minimum HTCR needed to avoid

carbon deposition (see Figure 8.2) shows that increasing stack operating pressure enables

higher concentrations of carbonaceous species in the fuel and exhaust compositions.

A certain amount of stack waste heat is essential to meet the heating load required by

reactant gas processing in the stack periphery. As the ReSOC stack pressure increases, more
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Figure 8.2: Minimum current density required for exothermic SOEC mode operation (left)
and minimum hydrogen-to-carbon ratio as dictated by the carbon deposition boundary
(right) vs. stack pressure.

heat is generated from the methanation reaction in charging (SOEC) mode; therefore less

heat is required from stack inefficiency (i.e., resistive heating) and a lower current density

can be used. Figure 8.2 shows the current density as a function of stack pressure, where

the current density is relatively low at high pressure and increases sharply at lower pressure

to overcome the heating deficit caused by lower conversion of the exothermic methanation

reaction. There are two primary reasons for higher conversion of the methanation reaction

at higher pressure: (1) the HTCR of the fuel composition decreases, approaching closer to

the stoichiometric ratio for methane (i.e., H/C=4), and (2) improved reaction kinetics of

methanation.

The optimum roundtrip system efficiency is achieved based on a trade-off between stack

efficiency and auxiliary power. As shown in Figure 8.3, the roundtrip stack efficiency in-

creases with increased stack pressure because the current density required for exothermic

SOEC mode operation decreases (see also Figure 8.2). However, the increased stack effi-

ciency is counterbalanced by increased auxiliary power consumption at high stack pressure.

171



Rhl

R5

l

5

hl

6l

65

7l

75

8l

l 3l 6l 9l h4l h5l

ẇ
B

O
P
Mẇ

st
ac

k
Tm

=

E
ff

ic
ie

nc
yr

Tm
=

StackrpressurerTbar=

SOFCrmode

ηstack

ηsystem

SOECrmode

Tstackr=r65l°C
Ufr=r9lm
ASRr=rl.4lΩcm4

796657
MolerfractionrofrstoredrmethanerTm=

8h74 77
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The right-axis in Figure 8.3 shows the net auxiliary power generated in each mode as a

fraction of the stack electric power where negative values imply that more power is required

by compression processes than is generated by the turbines. At lower stack pressure, the

SOFC mode auxiliary components produce net power because the turbine expansion of air

exhausted from the stack produces more power than is required to compress air to the stack

operating pressure. Yet, the benefit of net energy generation from the auxiliary components

is overcome by a rapid decline in stack efficiency at low stack pressure. The competing

trends of stack efficiency and auxiliary power result in an optimal system efficiency of 72.5%

at a stack pressure of about 20 bar. The reason the SOFC mode auxiliary power generation

increases with decreased stack pressure is that the air does not need to be compressed to as

great a pressure and the exhausted air from the stack can be expanded at higher temperatures

while still performing the required heating processes.

Another consideration when determining the most suitable stack pressure is the affect

it has on the composition of the stored gases. The top horizontal axis of Figure 8.3 shows

172



the mole fraction of stored methane in the fuel tank where the remaining stored gas is

primarily hydrogen. As stack pressure increases, the amount of stored methane increases

due to increased methanation in SOEC mode. Higher purities of produced methane can be

achieved at high stack pressure with limited efficiency loss which allows for increased energy

storage density and the possibility of coupling such an energy storage system with existing

natural gas infrastructure.

It is an important result that the system efficiency is significantly influenced by the

system BOP when turbomachinery is employed because the desirable operating conditions

expected from only analysis of the ReSOC stack differ from the operating conditions that

achieve optimal system efficiency. Furthermore, the optimal system configuration must, in

addition to efficiency, also consider cost, dynamic operation, and control.

8.2.3 Stack temperature parametric study

The average stack temperature impacts roundtrip efficiency; however, as shown in the

previous parametric study, much of this impact can be understood by considering the effect

of stack operating temperature on the hydrogen-to-carbon ratio of the reactant gas mix-

ture and average operating current density. Figure 8.4 illustrates how the current density

and HTCR of the reactant mixtures vary with changes in average stack temperature. The

HTCR is set based on the thermodynamic carbon deposition limit and increases with in-

creased temperature. The required average current density to meet process thermal loads

decreases with increasing stack temperature in the low temperature range primarily because

the exhaust airflow used to supply heat to the evaporator in charging (SOEC) mode exits

the stack at a lower temperature, therefore necessitating more heat generation in the stack

to satisfy pinch-point temperatures. A minimum current density is reached at an average

stack temperature of about 680°C. At higher temperatures the required current density in-

creases because more waste heat is required from the stack at higher temperatures where

the exothermic methanation reaction has lower equilibrium conversion.
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Figure 8.4: Minimum current density required for exothermic SOEC mode operation (left)
and minimum hydrogen-to-carbon ratio as dictated by the carbon deposition boundary
(right) vs. stack temperature.

Figure 8.5 shows the stack and system roundtrip efficiencies as a function of average stack

temperature. System efficiency is maximized at an intermediate operating temperature of

about 680°C and is primarily influenced by the stack efficiency and discharge mode auxiliary

power. The stack efficiency increases slightly with increased stack temperature at lower

temperatures and then drops off sharply at temperatures above 700°C in accordance with

the increased current density (see also Figure 8.4). Recall that cell ASR has been fixed (i.e.,

the temperature dependence removed) so that the plots shown here are a direct result of the

influence of changes in reaction energies and BOP power, and are decoupled from changes

in cell resistance. Nevertheless, previous work has shown cell performance for operating

temperatures below 650°C to be on par with the total cell resistance of 0.20 Ωcm2 assumed

in the present study [54, 175].

The SOFC (discharge) mode BOP power shifts from consuming net power at lower tem-

peratures to producing net power at higher temperatures. The net auxiliary power gener-

ation in SOFC mode increases with increased average stack temperature primarily because

the excess air exhausted from the stack is at a higher temperature such that more power is
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generated from expanding it to ambient pressure. One conclusion from these results indicates

that low temperature cell operation (<650°C) is not necessarily a materials requirement for

ReSOC energy storage systems configured in this way, so long as the stack pressure is suf-

ficiently high. Additionally, the optimum associated with roundtrip efficiency is relatively

shallow, changing by only 5% across a large temperature range.

The methane content in the stored gas mixture is a strong function of stack temperature

as shown by the top axis of Figure 8.5. Greater than 80% methane content is achieved at

stack temperature below 550°C, although that value drops to 55% at optimal efficiency at

680°C. This trend exemplifies a distinct tradeoff between efficiency and stored energy density

and such tradeoffs must ultimately be informed by economic optimization analysis.

8.2.4 Fuel utilization parametric study

In the present study, lowering the fuel utilization implies oxidizing the stored fuel species

to a lesser extent. In other words, the H-C-O composition of the fuel tank remains fixed as

dictated by the carbon deposition boundary and at higher fuel utilization the exhaust tank
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contains a more oxidized gas mixture. The stored fuel and fuel + steam compositions are

only slightly impacted by changing the fuel utilization and are similar to compositions from

the base case system (see Table 8.3).

The stack efficiency is affected by the fuel utilization parameter through the open-circuit

voltage which is a function of the bulk composition; however, this affect is minor, particularly

compared with changes in stack efficiency from current density variation. Finally, it should be

noted that unlike typical SOFC systems, lowering the fuel utilization in the present system

does not directly correspond to reduced system efficiency. This is because the proposed

system is closed and the denominator of the efficiency definitions is the power input to the

system, rather than rate of energy input from fuel. Lower fuel utilization, however, requires

storing a larger proportion of unused fuel species, negatively impacting energy density.
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(ẆBOP) relative to stack power (Ẇstack) (right) vs. fuel utilization.

The fuel utilization changes the thermal operating characteristic of the ReSOC such that

for higher fuel utilization, more waste heat must be generated from the ReSOC stack for

exothermic operation in SOEC mode. This necessitates an increased current density with

increased fuel utilization (not shown). The causal relationship between fuel utilization and

stack thermal behavior depends on both stoichiometric constraints and Nernst potential
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effects, which are explained in Chapter 4. Figure 8.6 shows the stack and system efficiencies

as a function of fuel utilization. Stack efficiency increases with decreased fuel utilization

because the stack can operate more efficiently (i.e., lower current density) while still satisfy

system thermal loads.

The roundtrip system efficiency is affected by the fuel utilization both because of the

effect on stack efficiency and the impact on the BOP performance due to transporting a

different proportion of unreacted species throughout the system and different cooling airflow

requirements. The stack efficiency increases with decreased fuel utilization (see Figure 8.6).

However, the parasitic losses from the BOP increase with decreased utilization such that

the roundtrip system efficiency is maximized to nearly 74% at about 70% fuel utilization.

It is clear from these results that the roundtrip system efficiency is only mildly affected by

changes in fuel utilization.

Figure 8.6 also shows the ratio of net BOP power generated to stack electric power in

each mode as a function of fuel utilization. The SOEC mode net BOP power is relatively

constant with fuel utilization. The cooling airflow in SOEC mode is mostly independent of

fuel utilization because any reduction in heat generation from the internal chemical reactions

is subsidized with increased current density to satisfy the required system heating loads.

Thus, with similar airflows, and stack temperature and pressure, the air turbomachinery

loads are nearly independent of fuel utilization. Alternatively, based on the changed thermal

characteristic of the ReSOC stack with fuel utilization in SOFC mode, the BOP net power

increases with increased utilization. This is because less heat is generated in the SOFC

mode stack when it is operated more efficiently such that the excess oxidant exhausted from

the stack is expanded at a lower temperature after fulfilling the required system heating

processes. As a result, less power is recuperated from the air turbine. The fuel utilization also

affects the reactant and product turbomachinery, but the flowrate of the air is significantly

higher, such that the air turbomachinery dominate the BOP performance.
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The stack pressure and fuel utilization studies show a common trend in that increased

stack efficiency correlates with increased parasitic BOP power in SOFC mode due to the

decreased excess heat generation from the stack. In short, these studies illustrate the com-

peting trends between stack efficiency and BOP power consumption that lead to optimal

system efficiency operating points.

8.2.5 Operating duration parametric study

Specific energy storage applications often prescribe charge/discharge durations based on

the operating requirements. For example, certain applications may require approximately

equal charge/discharge durations (e.g., voltage regulation), while others can have a signifi-

cantly longer duration to charge and then discharge rapidly (e.g., peak shaving). A non-unity

charge/discharge ratio implies a different magnitude current density in each mode of opera-

tion so that the system is able to operate continuously without being eventually depleted of

fuel or exhaust species. The system is reversible when Equation 5.18 is satisfied, so a longer

operating duration in one mode implies a proportionally lower current density.
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Figure 8.7: Roundtrip stack and system efficiency (left) and net BOP power produced
(ẆBOP) relative to stack power (Ẇstack) (right) vs. charge/discharge duration ratio.
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For this study, the current density in charging (SOEC) mode is set to ensure exothermic

operation, so increasing the charge/discharge ratio implies operating the discharge (SOFC)

mode at higher current density (i.e., less efficiently). Less efficient SOFC mode operation

results in lower roundtrip stack efficiency as shown in Figure 8.7 where stack efficiency

decreases with increased charge/discharge ratio. However, as was observed in the previous

parametric studies, when the SOFC mode stack operates less efficiently, there is higher net

power generation from the BOP. Thus, the system efficiency degrades less rapidly than the

stack efficiency with increased charge/discharge ratio. Furthermore, the system efficiency

does not improve as rapidly for charge/discharge ratios <1 because of the increased net

power consumption from the SOFC mode BOP. This result indicates the proposed system

achieves higher efficiency for energy storage applications with lower charge/discharge ratios.

Although, >65% efficiency is still achieved for charge/discharge ratio of 2.0.

8.2.6 Reactant composition parametric study

Practical ReSOC-based energy storage systems will need to operate at hydrogen-to-

carbon ratios in the fuel gas mixture that are sufficiently far from thermodynamically es-

tablished carbon deposition limits. Since the minimum HTCR established from chemical

equilibrium is not entirely accurate in predicting the coking behavior in ReSOCs, the HTCR

must be in excess of the minimum value. Figure 8.8 shows the HTCR and average cur-

rent density as a function of the percent-increase from the minimum hydrogen-to-carbon

ratio that mitigates carbon deposition. That is, 0% increase implies that the fuel composi-

tion within the stack will pass exactly tangential to the carbon deposition limit and higher

percent-increase includes a factor of safety similar to increasing the steam-to-carbon ratio.

The current density increases with increased percent-increase because more waste heat is

required for exothermic operation in SOEC mode. More waste heat is required because

additional steam must be evaporated to achieve a higher HTCR, and less heat is generated

from the methanation reaction in the SOEC stack for fuel compositions with higher HTCR.

Similar to the pressure variation study, the current density is directly related to the fuel
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compositions HTCR.
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Figure 8.8: Minimum current density required for exothermic SOEC mode operation (left)
and minimum hydrogen-to-carbon ratio as dictated by the carbon deposition boundary
(right) vs. percentage hydrogen-to-carbon ratio offset from the carbon deposition boundary.

The HTCR is important to consider in avoiding detrimental operating conditions within

the ReSOC stack and it is necessary to explore the effect of this parameter on roundtrip

efficiency and energy density. Figure 8.9 shows the stack and system roundtrip efficiencies

as a function of percent-increase from the limiting HTCR. Both the stack and system ef-

ficiency improve as the composition approaches the thermodynamic coking limit (i.e., 0%

increase). This behavior presents a distinct tradeoff between high roundtrip efficiency and

operating under conditions where carbon deposition is more likely to occur. Notably, as the

percent-offset increases, the system efficiency does not degrade as rapidly as the stack effi-

ciency. The system efficiency is affected by both the stack efficiency and the auxiliary power

requirements. As seen in Figure 8.9, the auxiliary components generate net power in dis-

charge (SOFC) mode due to the efficient expansion of high temperature excess air exhausted

from the stack. The net power generated from these auxiliary components increases as the

fuel composition moves away from the coking boundary because the current density also

increases with percent-increase (see Figure 8.8) meaning that more waste heat is generated
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in the SOFC stack. The additional waste heat requires increased airflow to act as a heat-sink

in the stack and the increased airflow results in increased net power production from the

turbomachinery. The SOEC mode net auxiliary power remains relatively constant because

the excess waste heat generated from inefficiencies in the SOEC stack at higher current den-

sity is offset by reduced heat generated from the methanation reaction; therefore, the net

excess heat from the stack is nearly constant and balance of plant operation is relatively

unchanged.
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These results show a distinct performance reduction when the fuel composition is set

further from the carbon deposition boundary. Specifically, the system efficiency and energy

density are reduced by 5% and 10%, respectively for a 20% increase in the hydrogen-to-

carbon ratio of the fuel.

8.3 Conclusions from the operating conditions study

Throughout this chapter, a bulk-scale ReSOC energy storage system has been analyzed to

estimate achievable roundtrip efficiencies and to examine the influence of stack temperature,

pressure, and fuel utilization on system efficiency. >70% roundtrip storage efficiencies were
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achieved for the proposed system. Steady-state system modeling results indicate that system

efficiency is maximized at intermediate ReSOC stack operating conditions of about 680°C,

20 bar, and 70% fuel utilization based on the trade-off between stack efficiency and balance

of plant power consumption. The auxiliary power generation has a significant effect on

system efficiency, and it is important to note that the nature of this impact could change

for alternately configured ReSOC systems, potentially shifting or eliminating the optimal

efficiency points. It is promising, however, that the initial results suggest optimal behavior

at intermediate operating conditions such that extreme operation (i.e., low temperature,

high pressure) are not necessarily required for efficient bulk-scale energy storage.

Several system challenges have been revealed, which motivate further study of this promis-

ing system. One challenge is that the roundtrip efficiency is strongly influenced by system

thermal integration. Specifically, the stack efficiency is constrained by the system heating

requirements such that the stack efficiency cannot be arbitrarily increased by lower current

density operation within the present system configuration. Another challenge is the differ-

ence in gas flowrates (i.e., air, fuel, and exhaust streams) processed by the BOP in each

mode of operation. Assessing the feasibility of utilizing the same BOP components in both

operating modes requires system simulation and may ultimately require system configuration

modifications. Finally, the parametric studies highlight a distinct tradeoff between system

efficiency and energy density of storage. The stack temperature and pressure for optimal

system efficiency correspond with sub-optimal stored methane content (< 60 mol%), which

reduces storage energy density and may present additional challenges associated with tanking

of hydrogen-rich gases.
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CHAPTER 9

SYSTEM COSTING AND ECONOMICS

Minimizing the capital and operating costs of an energy storage technology are critical

to wide-spread adoption. In this chapter, economic analysis of a reversible solid oxide cell

system is presented. First, a bulk-scale system is considered which follows from the tech-

nical modeling results in Chapter 8. Specifically, this analysis considers a 250 MW / 500

GWh energy storage system in which the storage of dry fuel and exhaust gases is in under-

ground geological features and the water is separately stored in an above ground reservoir.

The basecase system described in Section 8.2.1 is scaled up to estimate the performance

and system component size. The costing methodology is described, followed by a detailed

breakdown of the system capital and operating costs. Second, the cost of a 100 kW / 1

MWh distributed scale system from Chapter 7 is estimated. The distributed scale analysis

considers the economic impact of above ground tank storage and component cost scaling.

This analysis, while preliminary, provides an additional tool for evaluating the efficiency and

energy density tradeoffs in the distributed scale system configuration comparison. Economic

evaluation at the two application scales is important because the 100 kW system has greater

chance of market penetration preceding production scales to support a 250 MW ReSOC

system. Because of the vast difference in application scale, the two system costing proce-

dures include some different assumptions, particularly for ReSOC cost. Finally, cost metrics

estimated in this chapter are compared against competing energy storage technologies and

published cost metrics.

9.1 Methodology and assumptions

Determining the capital cost of the ReSOC energy storage system is accomplished by

estimating the cost of individual system components from literature. These components
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include: ReSOC stack, recuperative heat exchangers, gas compressors and expanders, evap-

orator, condenser, underground storage cavern or storage tanks, water reservoir, feedwater

system, accessory electric plant, instrumentation and control, piping and valves, site im-

provement, and building structures. Where cost scaling is required, the following equation

is used:

C = C0(S/S0)n (9.1)

where n is a scaling exponent, C and C0 are the component installed cost and reference cost,

and S and S0 are the component scale and reference scale.

One metric for estimating energy storage cost is the simple formula used in Reference

[18] which is based on the capital cost, energy capacity, roundtrip efficiency, and number of

cycles:

Storage cost =
Capital cost

Energy capacity ·# of cycles · ηRT,system

(9.2)

To compare with published cost targets, system capital and levelized costs are also esti-

mated in this work. The levelized cost calculations assume an interest rate of 5% and the

annual expenses are calculated based on an annuity loan with a 20 year system lieftime and 5

year stack lifetime. The annualized cost contribution of each component is calculated based

on the installed capital cost by:

Annualized cost = C

[
i

1− (1 + i)−n

]
(9.3)

where i is the interest rate and n is the component lifetime.

Solid oxide cell durability concerns have been a key challenge in commercialization of the

technology, although long duration demonstrations have been achieved up to 50,000 hours

in fuel cell operation at 650°C [176]. Electrolysis mode operation suffers higher degradation

rates, although the technology is less mature and durability improvement is expected to

reach levels of SOFC [29, 169, 176, 177]. Thus, a 5 year ReSOC stack lifetime is suitable for

this preliminary analysis.

184



In the following subsections, each component cost is explained including the assumptions

and final cost used for the bulk-scale (250 MW / 500 GWh) and distributed-scale (100 kW

/ 1 MWh) ReSOC systems. Because of the vast capacity discrepancy, different sources are

used for each application scale. This bottom-up calculation methodology has an expected

accuracy of ± 30% [178].

9.1.1 Bulk-scale system component costing

The system component and operating costs for the bulk-scale system are determined

from previous studies and adjusted for the present system scale and inflation as in Jensen,

et al. [86]. All costs for the bulk-scale system are given in 2013 prices adjusted using the US

Consumer Price Index [179]. The system cost is summarized in Table 9.1. The system cost

varies slightly from that determined by Jensen, et al. [86] because the present analysis uses

specific values (e.g., flowrates, compositions) directly from the system simulation to refine

some estimates in the previous study.

ReSOC stack

The cost of ReSOCs is uncertain because the technology is not yet commercialized and

is projected to depend significantly on production scale. However, because of the physical

and operational similarities between ReSOCs and SOFCs, projected costs for SOFCs are

used here. A 2007 study estimated system cost for a 3.1 MW stationary hybrid SOFC sys-

tem with a 2 MW SOFC stack to be 419–499 $/kW given annual SOFC production of 250

MW [180]. Adjusting for inflation, the stack cost contribution is 139-203 $/kW. A different

study modeled an integrated gasification fuel cell plant and assumed a cost of 108 $M for a

pressurized (19 bar) 221 MW SOFC stack [181]. Adjusted for inflation, this is equivalent to

489 $/kW. Finally, another study considering production volume of 500 MW/year estimated

the cost of an SOFC stack in a 362 kW stationary system to be 165 $/kW [182]. In this

dissertation, a cost of 200 $/kW is assumed as a baseline cost for the bulk-scale system with

balance of stack and stack assembly costs equal to 2.2 and 5.7 $/kW, respectively. For the
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bulk-scale ReSOC energy storage system, production volume must be very large to sustain

a single 250 MW plant leading to lower stack cost per kW.

Air compressor and expander

The air compressor and expander cost are estimated from the report by Thijjsen [180],

where a cost of 148 $/kW is assumed for the rotating equipment. Scaling up to the 250

MW ReSOC system and adjusting for inflation provides a total cost for the compressor and

expander of 42 M$ (168 $/kW).

“Fuel” / “exhaust” compressor and expander

The fuel-side turbomachinery cost is estimated by scaling relative to the air-side turbo-

machinery based on the gas flowrate. Assuming that both the fuel- and air-side components

are sized based on maximum molar flowrate, the fuel-side components require only 13% the

capacity of the air-side. Specifically, the maximum airflow occurs during SOFC mode op-

eration, while the maximum fuel-side flow is associated with the “fuel” composition which

is compressed in SOEC mode and expanded in SOFC mode. Thus, the compressor and

expander cost is estimated to 5.5 M$.

Recuperative heat exchangers

The recuperative heat exchangers are estimated to 32$/kW based on a 2007 study [180].

Adjusting for inflation and linearly scaling to the 250 MW ReSOC system, these components

contribute 9.1 M$ to the total system cost.

Feedwater and miscellaneous balance of plant systems

A study of fossil fueled power plants by the Department of Energy [183] estimated the

cost for an 809 ton/hr feedwater system including a demineralized water storage tank, con-

densate pumps, aerator, intermediate and high pressure feedwater pumps, boiler, service air
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compressors, instrument air dryers, closed cycle cooling heat exchangers, closed cycle cooling

water pumps, raw water pumps, filtered water pumps, makeup water demineralizer, water

makeup and pretreating. The cost for the entire system including equipment, materials, and

labor was 31 M$; however, the ReSOC system requires feedwater at 46 ton/hr. Using a

scaling exponent of 0.7 [184], the total cost for a 250 MW ReSOC system is 4.2 M$.

Evaporator

The evaporator cost is estimated from a Department of Energy study [183] including a

694 ton/hr heat recovergy steam generator system with a cost of 51.5 M$. The 46 ton/hr

steam generator required for a 250 MW ReSOC system is calculated to be 7.7 M$ assuming

a scaling factor of 0.7 [184].

Condenser

An 810 ton/hr condenser used in a 298 MW steam turbine system [183] had an estimated

cost of 7.0 M$, which includes equipment, materials, labor, and auxiliaries. Furthermore,

steam piping has an estimated cost of 10.6 M$. The maximum capacity of the condenser

unit in the 250 MW ReSOC system is 122 ton/hr leading to a total cost of 4.7 M$ with a

scaling exponent of 0.7.

Methane cavern

Natural gas storage in underground caverns (such as, depleted gas reservoirs, aquifers,

and salt caverns), is an established and cost-effective method for seasonal storage [185, 186].

A salt cavern storage facility in Lille Torup, Denmark stores approximately 120 million Nm3

per cavern, where 70 million Nm3 of the gas is accessible and the remainder acts as a pres-

sure buffer and is referred to as a “cushion gas”. The caverns operate between 150 and 200

bar. The capital expense of one of the 500-800,000 m3 (geometric volume) storage caverns

at the Lille Torup storage facility is approximately 36 M$. For the bulk-scale storage sys-
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tem, cavern pressure is assumed to be 160 bar. The volumetric energy density of the stored

fuel is 72% that of natural gas (i.e., for 58% methane and 40% hydrogen), leading to an

energy density of 4.2 GJ/m3 at 160 bar and 60°C. Thus, an energy capacity of >500 GWh

is achieved with a single cavern and the cost is selected as 36 M$ (144 $/kW). The storage

capacity of 500 GWh and power rating of 250 MW suggest that the discharge duration is

>2000 hours, or nearly 3 months. This scale of energy storage is suitable for seasonal energy

storage applications.

Carbon dioxide cavern

Storing carbon dioxide in salt caverns is a relatively new process. Furthermore, this im-

plementation may be complicated because the “exhaust” gas used in the system simulation

is a mixture that includes some hydrogen (24%) and carbon monoxide (3%). To account for

the uncertainty, process contingency of 40% and project contingency of 50% are included

in the final cost [187]. The molar quantity of stored CO2-rich exhaust is 81% less than

the volume of stored fuel. Meanwhile, the exhaust has 1.6 times higher volumetric density

compared with the fuel mixture. Accounting for the above differences, the cost of the CO2

cavern is estimated as 36 M$ · 0.8 · 140% · 150% / 1.6 = 37.8 M$.

Water reservoir

A 75,000 m3 water pit for thermal energy storage was constructed in Marstal, Denmark

in 2012 at a cost of 50.4 $/m3 [188]. For the 250 MW system, a maximum water volume

of 81,000 m3 is generated from oxidizing the stored fuel when the system is completely dis-

charged, so the water reservoir cost is taken as 4.1 M$.

Accessory electric plant

An accessory electric plant is required to interface the ReSOC electrical energy storage

system with the electric grid. Previous estimates for accessory electric plan and power condi-
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tioning include 31 M$ (123 $/kW) for a 250 MW fuel cell plant [181] and 0.2 M$ (57 $/kW)

for a 3.1 MW SOFC system [180]. In this study 80 $/kW is assumed for a total cost of 20 M$.

Instrumentation and control

Previous studies assumed instrumentation and control cost of 41 $/kW for a 250 MW

SOFC system [181] and 34.1 $/kW for a 3.1 MW hybrid SOFC system [180]. Here 37 $/kW

is assumed for a total cost of 9.25 M$.

Miscellaneous costs

Piping and valves, site improvement, and buildings and structures costs are also included

in this comprehensive costing analysis. Piping and valves are estimated to cost 34 $/kW for

a total cost of 8.5 M$ [180]. Site improvement is estimated based on the 250 MW IGFC

plant [181] for a total cost of 8 M$ (32 $/kW). The same study is used to estimate building

cost equaling 8 M$ (32 $/kW).

Labor expenses

Labor expenses for the bulk-scale system are estimated based on a 555 MW IGCC plant

in Reference [183] which required 16 jobs. Because the ReSOC system considered here is

approximately half the size of the IGCC plant, 8 jobs are assumed. The annual labor expense

is taken from References [181, 183] to be 0.43 M$ per job for a total labor cost of 3.4 M$

per year.

Maintenance, materials, water, and chemicals

Variable operating costs are considered to include makeup water, maintenance materials,

and chemicals. These costs are estimated as 0.71 /c/kWh [181]. The total yearly cost is

estimated by assuming the plant operates for 5400 hours per year. This value is determined

by considering a case-study of energy arbitrage on the Danish electricity spot market [86].
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Table 9.1: System component cost and total plant cost summary for a 250 MW / 500 GWh
ReSOC system.

Item Installed capital cost Annualized cost
(M$) ($/kW) (M$/year)

CH4 cavern 36 144 2.89
CO2 cavern 37.8 151.2 3.03
H2O reservoir 4.1 16.4 0.33
250 MW ReSOC (5 yr. life) 50 200 11.55
Balance of stack 0.55 2.2 0.13
Stack assembly 1.425 5.7 0.33
Air compression/expansion 42 168 3.37
Fuel compression/expansion 5.45 21.8 0.44
Recuperative heat exchangers 9 36 0.72
Feed water and misc. BOP systems 4.2 16.8 0.34
Evaporator 7.7 30.8 0.62
Condenser 4.7 18.8 0.38
Power conditioning 20 80 1.60
Instrumentation and control 9.25 37 0.74
Piping and valves 8.5 34 0.68
Improvement to site 8 32 0.64
Building and structures 8 32 0.64
Labor expenses – – 3.40
Variable operating cost – – 9.6
Total 256.7 1026.7 41.39

Multiplying the annual hours of operation by the nominal plant power capacity determines

the annual expense to be 9.6 M$.

9.1.2 Distributed-scale system component costing

The capital and annualized cost of distributed-scale (100 kW/1 MWh) ReSOC systems

is evaluated by scaling component cost from several sources as described here. Component

costs for the distributed-scale system are adjusted to 2012 prices using the Chemical Engi-

neering Plant Cost Index (CEPCI).
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ReSOC stack

James, et al. [189] presented a detailed costing of SOFC stacks and systems for 1-

100 kWe systems over a range of annual production scales. The study considers common

YSZ-electrolyte SOFCs produced by tape-casting and screen printing methods. The LSGM-

electrolyte cells chosen for this study require mostly conventional manufacturing methods

suitable for commercial production (e.g., tape-casting, screen-printing). The increased cost

of LSGM compared to YSZ is a small problem because the electrolyte material cost is only

considered to comprise about 1% of the total assembled ReSOC stack cost [189]. Ultimately

the stack cost is selected to 0.0874 $/cm2, based on a production volume of 10,000 systems

per annum, and a 30% contingency to account for uncertainty in material cost and manu-

facturing. By selecting the cell active area as the representative scale, the relatively low and

varying power densities in the distributed scale system are included in the cost comparison.

As in the bulk-scale system, the stack is assumed to be replaced every 5 years, while the

other system components have an assumed life of 20 years.

Storage tanks

The gaseous storage tanks for the distributed scale system vary in volume from about

4–20 m3. Baseline carbon steel tank costs were scaled based on the tank volume using

correlation charts in Perry’s Chemical Engineers’ Handbook [190]. Adjustment factors in

Reference [178] suggest a materials factor of 2.0 for stainless-steel tanks and pressurization

factor of 3.0, which are applied to the baseline cost. The required water storage in the water

separation systems is approximately 55-gallons with a tank cost of 491$ [178].

Heat exchanger components

Cost of the various heat exchangers in the distributed scale systems are determined by

scaling according to the heat transfer area with a scaling exponent of 0.6. Heat transfer

area is determined from the system modeling results assuming a fixed overall heat transfer
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coefficient of 25 W/m-K. The correlation used to determine heat transfer cost is taken from

Shirazi, et al. [191] as C = 2290(AHX)0.6, where AHX is the heat transfer surface area in

m2. The air-cooled condenser used in the water separation systems is priced from a corre-

lation in Reference [192] based on the heat transfer area as C = 70000(Acond/280)0.8. The

inflation-adjusted price agrees well with the values for air-cooled heat exchangers in [178].

Turbomachinery

Turbomachinery in the distributed-scale system include blowers, compressors, and ex-

panders. The blower cost is determined based on correlations to the volume flow in Ref-

erence [178]. Compressors to deliver stack product gases to the pressurized storage tanks

are sized from Reference [192] based on the compressor load as C = 450000(Ẇcomp/1000)0.9,

where Ẇcomp is the compressor power in kW. Two compressors are required by each system

for the multi-stage process. Small-scale expander cost is taken from Reference [192] with

a fixed value of $1600 for 5–30 kW power rating. Recycle ejector cost is lumped with the

turbomachinery and estimated by linear scaling from a 5 kW SOFC system in Reference

[171] for a final cost of $1650.

Miscellaneous costs

Miscellaneous costs include power electronics, valves, and piping. Power electronics are

estimated from 100 kWe SOFC systems in Reference [189] to a cost of $1420. Valves and

piping are scaled from Reference [171] at a reported cost of 74 $/kWgross.

9.2 Cost of bulk-scale energy storage

The individual component and variable costs are tabulated in Table 9.1 indicating a total

plant installed cost of 256.7 M$ for the 250 MW / 500 GWh ReSOC system. In the considered

application, the storage system has energy capacity to charge and discharge seasonally (i.e.,

2000 hour charge and discharge duration). Therefore, the number of roundtrip cycles over the

20 year system life is estimated as 20 years / 4000 hours = 44 cycles, or about one roundtrip
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cycle per year. The energy capacity is taken as 500 GWh and efficiency is assumed to be 70%

based on the results in Chapter 8. These assumptions result in a storage cost of 1.7 /c/kWh

for the bulk-scale system as calculated by Equation 9.2. This energy-capacity normalized

cost is very favorable compared to other storage technologies. Figure 9.1 illustrates that

ReSOC system performance compares favorably with pumped hydro and CAES based on

energy capacity and storage cost. In fact, pumped hydro storage is the only technology with

storage cost lower then the ReSOC system.

Figure 9.1: Comparison of bulk-scale ReSOC system performance with other energy storage
technologies performance reported in literature [7, 18].

The specific application of seasonal storage considered in this economic analysis indicates

economically competitive performance. It is also reasonable to assume that low cost storage

can be achieved for shorter duration energy-time shift. Specifically, if a charge/discharge

duration of 8 hours is assumed for the 250 MW system, only 2 GWh of energy capacity is

used. The cycle count of the system also increases in this application (i.e., 20 years / 16

hours = 11,000 cycles, or about 2700 cycles/stack life). Applying these values to Equation 9.2

results in the same storage cost of 1.7 /c/kWh achieved for the high energy-capacity system.

This calculation is predicated on two key assumptions: (1) system cost is equivalent between
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2 GWh and 500 GWh systems and (2) ReSOC stacks are durable for >5000 cycles (i.e., in

line with the DOE targets given in Section 2.1.2). The storage cost will account for a lower

portion of the total system cost if the storage capacity is reduced by a factor of 250. Above

ground tanks might be more economically employed at this scale [193]. Durable galvanic

cycling of ReSOCs has been demonstrated for >1000 hours and 1000 cycles when the cycle

duration is 1-hour (i.e., 30 minutes in each mode) or 12-hour, although the degradation rate

increases significantly when the current density increases from 0.5–1.5 A/cm2 [60]. Favorably,

the optimal system results shown in Chapter 8 were at an operating current density near

0.70 A/cm2. While these results are promising, more research in cycle-induced degradation

(or activation) is required to definitively achieve the cycle life targets of 5000 hours.

The capital cost of the ReSOC system is 0.51 $/kWh based on the 256.7 M$ value

reported in Table 9.1 and an energy capacity of 500 GWh. This suggests that the system

capital cost is well below the DOE target of 150 $/kWh [1]. However, contrary to that

presented in Equation 9.2, this capital cost metric is not normalized by the efficiency or

cycle count. Therefore, a system that has a lower energy capacity and higher cycle life will

be penalized. For example, consider the 250 MW / 2 GWh system theorized above with 8

hour discharge capacity. If the storage capacity is scaled linearly and other component costs

are equivalent to those in Table 9.1, the system installed capital cost is reduced to 183.5

M$ for a normalized capital cost of 91.8 $/kWh. This indicates that the system capital cost

is very sensitive to the energy capacity and the extremely low cost of the seasonal storage

system results from the storage contributing a small portion of the total system cost.

The annualized system cost is also calculated (see Table 9.1) and the cost distribution of

the various components and operating expenses are given in Figure 9.2. The key contributing

factors to the system cost are the ReSOC stack (28%), O&M cost (23%), and storage caverns

(14%). The storage costs only make up 14% of the total system cost meaning that increasing

the storage system energy-capacity can be achieved with relatively little system cost increase.

Specifically, doubling the capacity of the storage caverns increases the system levelized cost
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Figure 9.2: Annualized component cost breakdown of system component and operating costs
for a 250 MW ReSOC system.

by 21%. The system levelized cost is estimated by dividing the annualized cost by the

estimated energy storage over a year (i.e., 5400 hours · 250 MW and about 1 cycle per

year). This results in a levelized cost of 3.1/c/kWh-cycle, which compares favorably with the

long-term DOE target of 10 /c/kWh-cycle [1].

9.3 Cost of a distributed-scale energy storage

The cost of energy storage calculated by Equation 9.2 is reported in Figure 9.3 for the

six distributed scale system configurations modeled in Chapter 7. The baseline stored vapor

system is most expensive with a capital cost of 403 $/kW and cost of storage of 11 /c/kWh.

The economic analysis reveals that cost of energy storage decreases substantially with in-

creased energy density due to lower cost of tank storage, but the cost is also influenced by

roundtrip efficiency, stack power density, and complexity of the heat exchanger network.
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For the stored vapor system, the cost of storage is reduced by 9% when a fuel expander

is included because the increased roundtrip efficiency overcomes small capital cost increase

from an additional heat exchanger and cost of the fuel expander. Increasing the storage

pressure to 50 bar further reduces system cost because of the smaller tanks required for

equivalent energy capacity. The baseline water separation system has 11% lower cost than

the baseline stored vapor system, indicating that the increased complexity and size of the

heat exchangers and lower roundtrip efficiency are overcome by reduced capital investment

in large storage tanks and reduced stack cost due to increased power density. Similar to the

stored vapor systems, the cost of the water separation system decreases with inclusion of a

turbine and increased tank pressure. Ultimately the lowest cost system is that with water

separation and high tank pressure, which has a relatively low roundtrip efficiency of 65.5%

(see Table 7.1). The energy storage costs reported in Figure 9.3 are on par with flow battery

systems and exceed conventional battery storage (see Figure 9.1)
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Figure 9.3: Energy storage cost for several distributed scale systems detailed in Chapter 7.

The component annualized cost breakdown for the highest and lowest cost systems is

given in Figure 9.4. Greater than half of the cost of the baseline stored vapor system
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is attributed to the relatively low energy density gaseous storage tanks. the bulk of the

remaining cost, 34.4% is attributed to the ReSOC stack and the cost of the relatively simple

system BOP is small. Alternatively, the majority expense in the lowest cost system is

attributed to the ReSOC stack. This system includes separate storage of water and dry gases

and 50 bar storage tanks, leading to a 5 times reduction in tank volume. The reduction

in tank cost from increased energy density and ReSOC stack cost from increased power

density overcome the increased heat exchanger cost associated primarily with the air cooled

condenser. Thus, this preliminary system costing analysis motivates future studies to focus

on increasing energy density of storage to mitigate the high cost of storage tanks.
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Figure 9.4: Annualized component cost breakdown for the highest and lowest cost
distributed-scale systems.

The results given here show system cost when the system operation is intended to optimize

roundtrip efficiency. However, this analysis also indicates that the higher stack power density

in the water separation systems lead to lower cost of energy storage. This suggests that

the operating conditions to achieve optimal efficiency may be distinct from the lowest cost

operating strategy.
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The distributed scale system has high capital cost compared to the published targets and

application-derived cost requirements outlined in Section 2.1.2. The capital cost target from

the Department of Energy of 150 $/kWh is not met be any of the distributed scale systems

here, which range from 287–403 $/kWh. Furthermore, the application derived target of

1340 $/kW for the distributed-scale system is exceeded by 4–6 times with the systems given

here (4800–6670 $/kW). Similar to the bulk-scale, ReSOC systems are more favorable when

compared with economic metrics normalized by energy capacity, rather than power capacity.

Further analysis is required to quantify the levelized cost of the distributed-scale systems to

include O&M and labor costs.

9.4 Conclusions from the economic analysis

The economic results generated here using a bottom-up costing methodology suggest

that ReSOC storage systems can be economically viable for bulk-scale seasonal applications.

The costing methodology relies on many assumptions that should be reconsidered in future

analyses as ReSOC system design progresses to include specific hardware selection and sys-

tem simulation. A 250 MW / 500 GWh system is estimated to have capital cost of 257 M$

(1026.7 $/kW). The levelized cost is estimated to be 3.1 /c/kWh and storage cost as calcu-

lated as in Yang et al. [18] to be 1.7 /c/kWh. The bulk-scale ReSOC system is estimated to

be less expensive than all competing energy storage technologies except pumped hydro.

However, considering bulk-scale ReSOC system cost against power-capacity normalized

metrics is less favorable. The 20 year life-cycle cost is 2840 $/kW, which is over three times

higher than the desired cost based on energy storage application benefit of 820 $/kW (see

Reference [8] as well as Section 2.1.2). The discrepancy in economic favorability based on

the metrics described here is a consequence of the seasonal energy storage application and

the relatively low contribution of energy capacity to total system cost.

Economics of the distributed-scale system are presented to distinguish between the tech-

nical tradeoffs associated with efficiency, energy density, and system complexity. The results

here indicate that maximizing energy density is key to minimizing system cost because of the
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large contribution of storage tanks to total system cost. The present systems do not meet the

established capital cost targets, suggesting that future designs should aim to reduce capital

expense without sacrificing technical performance.

It is important to note that the costing analysis in this work was applied following a

thorough technical analysis, meaning that the system design was not intended to optimize

economic performance. Future work might be able to approach the economic targets even

with present day technology by re-directing the system design effort toward cost minimiza-

tion.

199



CHAPTER 10

CONCLUSIONS

Conclusions from the individual modeling studies presented in Chapters 4 and 6–9 are

given at the end of each chapter. Here, those results and conclusion are again summarized

and broader conclusions drawn from the culmination of these results. The results in this dis-

sertation have shown that ReSOC energy storage systems should be considered a promising

solution to future energy storage needs, although much work is still required before these

systems are ready for product development and implementation. This chapter also includes

a discussion of future research efforts that will continue advancing ReSOC systems toward

commercialization.

10.1 Summary of the work completed

The thermodynamics of a ReSOC system have been thoroughly analyzed and a method-

ology developed to predict theoretical roundtrip performance sensitive to variations in tem-

perature, pressure, reactant composition, and utilization. This analysis is critical to under-

standing the performance impact of stack operating conditions on ReSOC energy storage

systems. An intermediate temperature cell model was developed and calibrated to represent

performance of a promising LSGM material set. The cell characteristic shows low resis-

tance and high power density at temperatures below 650°C. The electrochemical model was

calibrated to capture performance to temperature and reactant composition. The electro-

chemical model is applied to a channel-level ReSOC model which is based on conservation

equations to capture the effects of reactant dilution, flow configuration, and operating pres-

sure. The cell model was employed to characterize performance impact of various cell op-

erating parameters including current density, flow configuration, reactant composition, and

oxidant composition. This analysis included quantifying roundtrip efficiency and thermal

characteristics, which are both critical to system design and operation.
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The calibrated ReSOC model was also coupled with thermodynamic balance of plant

component models to simulate steady-state roundtrip operation of ReSOC energy storage

systems. The methodology to accurately represent performance of these novel system was

also explained and implemented. The system modeling capabilities were applied to two dif-

ferent application scales (100 kW and >10 MW) to estimate roundtrip efficiency and energy

density performance metrics. The distributed scale analysis focused on exploring different

system configurations, including the design decision to either store a high temperature gas

that maintains H2O in a vapor phase, or condense water for separate storage. Use of a small-

scale expansion turbine was also considered to recuperate energy lost in compressing gases

to storage pressure. System operating conditions including tank storage pressure, current

density, and fuel utilization were also explored.

A large scale system was analyzed for technical and economic performance. A system

configuration for the bulk-scale was designed with application constraints including highly

pressurized gaseous storage and ambient air used as the oxidant / sweep-gas. Stack and sys-

tem operating conditions including stack temperature, stack pressure, reactant composition,

fuel utilization, and charge/discharge duration were parametrically analyzed to determine

the impact on bulk-scale system efficiency. Finally, the economics of the bulk-sale system

were estimated based on system capital cost and cost of energy storage metrics. The eco-

nomic and technical performance was compared with current energy storage technologies.

10.2 Roundtrip efficiency conclusions

The roundtrip efficiency is the primary performance metric considered in this work and

was considered at the thermodynamic level (Chapter 4), the stack level (Chapter 6), and

at two different system scales (Chapters 7 & 8). Thus, this work has shown the efficiency

impact attributed to various effects; in other words, quantified the energetic limitations on

roundtrip efficiency, considered the impact of practical stack operation and capabilities with

current cell technology, and estimated the losses from integrating the stack into a system

to include the impact of auxiliary BOP loads. Each progression in this analysis reveals
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areas where efficiency may be improved through targeting the specific cause of efficiency

loss. The targeted roundtrip efficiency of 80% given in the objectives was not achieved

through this work. In fact, the maximum efficiencies shown for the distributed and bulk-

scale system implementations were both around 74% (although this efficiency was achieved

with significantly different system configurations and operating conditions). Ultimately,

the system implementation and cell technology are both factors limiting roundtrip energy

storage efficiency. In the remainder of this section, the efficiency results are summarized and

analyzed together with the goal of highlighting where efficiency gains are possible in future

systems.

The thermodynamic analysis predicted that 100% reversibility (i.e., theoretical roundtrip

efficiency) is achievable at the stack level with carefully tuned operating conditions. This

ideal case is achieved at conditions where the thermoneutral and reversible voltages are

equal. This approach of lowering the thermoneutral voltage allows higher energetic efficiency

compared to steam-hydrogen reversible fuel cell systems which have a limited theoretical ef-

ficiency of about 85% for high temperature electrochemical cells (>500°C). Furthermore, it

shows that the ideal case observed in the thermoneutral methane red-ox cycle is achievable

while overcoming the practical limitations of methane related to high reactant conversion

and carbon deposition. However, if reactant water evaporation is included in the energetic

calculation, then this irrecoverable energy (i.e., low-grade water condensation) loss results in

about 10% roundtrip efficiency penalty. It is shown that the operating parameters adjusted

to achieve the ideal thermodynamic conditions are highly interconnected such that an infi-

nite possibility of operating conditions combinations can achieve 100% theoretical roundtrip

efficiency — although operating ranges, especially temperature, must match ranges of high

stack efficiency. The relevant stack operating conditions include stack temperature, pres-

sure, reactant composition and reactant utilization. From an energetic perspective, either

an intermediate temperature and ambient pressure stack, or a high pressure and high tem-

perature stack can potential result in favorable operating conditions. Stack pressurization
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strongly influences methane formation, so even relatively low pressurization (i.e., < 10 bar)

can have a major impact on the theoretical efficiency.

Progressing from the thermodynamic analysis to the calibrated stack model indicates

a significant efficiency penalty. In particular, the stack modeling results indicate that at

reasonable current density (0.5 A/cm2), the roundtrip stack efficiency is below 75% based

on present stack performance. This relatively low efficiency suggests that improved stack

performance (i.e., lower area specific resistance and resistance associated with cell-stacking)

is critical to achieve high roundtrip efficiency at economically viable stack power density.

Adjusting stack operating conditions so that more methane is formed in electrolysis mode

is favorable to heat generation and therefore system efficiency. Desirable operating modifi-

cations include operating the electrolysis mode stack in counter-flow, operating at optimal

hydrogen-to-carbon ratios (i.e., about H/C=12.6 for the 650°C and ambient pressure stack),

and producing a highly reduced (i.e., low oxygen content) fuel composition in the electroly-

sis mode. It should be noted that the temperature and pressure used throughout the stack

modeling study in Chapter 6 are not optimal from an energetic standpoint, meaning that

the theoretical roundtrip efficiency is limited. Increasing the pressure and/or reducing the

cell temperature are critical to implementing practical systems, but lower temperature oper-

ation (e.g., 600°C) is not practical with current cell technology. Modifying the cell operating

condition to understand the system performance with improved cells is considered in the

system modeling studies summarized next.

The distributed scale system study analyzed different configurations for a 100 kW dis-

charge power rating system with an ambient pressure stack operated at 600°C. The resulting

roundtrip system efficiency is shown to be highly dependent on configuration, particularly on

the design decision to either operating the storage tanks at elevated temperature to maintain

vapor phase of all stored species (e.g., steam), or to condense water out of the storage system

and store the remaining gases at ambient temperature, but suffer the increased energetic cost

of reactant preheating. The stored vapor approach results in the highest roundtrip efficiency
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of nearly 74%, while the system that condense steam for storage achieves roundtrip efficiency

of 68%. Further optimizing the operating conditions, particularly pressurizing the stack, may

result in higher efficiencies; although the ambient pressure systems considered here are con-

sidered more feasible than pressurized systems at the distributed scale. Furthermore, the

stack operating temperature of 600°C is an operating target set by these system studies, and

suitably low resistance has not yet been achieved at this low temperature with present cells.

The efficiency penalty associated with system balance of plant for these systems is primarily

attributed to the compressor load to pump stack tail-gases into their respective storage tanks.

This auxiliary power load is responsible for about 30-40% of the total roundtrip efficiency

loss, while the remainder is attributed to conversion losses in the stack.

The bulk scale system configuration is constrained by high gas storage pressures (160 bar)

and using ambient pressure air as oxidant / sweep-gas. Other constraints on this system

are that water must be separated from the reactant and product streams before storage

and high utilization is required so that stored gases are of relatively high purity. These

constraints result in a relatively complex system balance of plant to mitigate efficiency losses,

including multiple thermally integrated compression and expansion stages and operating

at intermediate stack pressures in between ambient and storage pressure. The benefit of

this complex system is that system BOP losses are severely reduced, and under certain

conditions net electricity is generated from the BOP components. The optimal roundtrip

efficiency is nearly 74% and was shown to be highly dependent on the balance of plant

operation; however, it should be noted that formal optimization was not performed here

and the “optimal” efficiency is determined by individual stack parameter variation. The

optimal roundtrip efficiency in the bulk-scale system arises due to tradeoffs between losses

in the stack and the BOP. Thus, within the constraints of this system design significant

efficiency improvements are not expected. The primary limitation on roundtrip efficiency

is the energetic requirement to evaporate reactant water in electrolysis mode. This load

ultimately limits the stack efficiency because a certain amount of waste heat generation is

204



required for steam generation.

Taken together, these studies conclude that the roundtrip efficiency is ultimately limited

by both cell and system performance. The stack modeling results show that lower resistance

is required at the thermodynamically favorable conditions (i.e., lower temperature), however

high performance can be achieved under pressurized conditions with current cell technology.

At the system level, efficiency improvement may be realized through configuration and op-

erating condition modifications. The modeling methodologies and configurations presented

throughout this dissertation provide a basis for future optimization and system simulation

efforts.

10.3 System configuration conclusions

An equivalent roundtrip system efficiency was achieved in both the distributed and bulk-

scale studies (i.e., about 74%), although the system configurations and operating conditions

vary significantly between these two cases. Here, the two systems are compared to consider

the tradeoffs of the two approaches.

The high roundtrip system efficiency in the distributed scale system requires maintaining

stored reactants in the vapor phase. On the other hand, the bulk-scale system achieves

the same efficiency when water is condensed and stored separately from the other reactants

species. If water is stored separately in both systems, the bulk scale system has roundtrip

efficiency 6 percentage-points higher than the distributed scale system. The difference in

this performance is attributed to use of a pressurized stack in the bulk-scale system and

a more complex balance of plant. In the bulk-scale system, balance of plant power has

a small net effect on system efficiency because the power expended in the compressors is

almost entirely recovered in expansion of gases from either the pressurized storage tank

(fuel/exhaust) or the pressurized stack (air channel exhaust). The increased capital cost

required in the more complex bulk-scale system allows higher energy density of storage and

energy capacity suitable for seasonal energy storage applications.
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10.4 System cost conclusions

The costing analysis revealed that reversible solid oxide cells systems can be competitive

for bulk-scale seasonal energy storage applications, although the smaller scale systems are

shown to exceed the cost targets. The bulk-scale system has an estimated energy storage

cost of 2.6 /c/kWh for a 250 MW and 500 GWh system. This system application is designed

for seasonal energy storage with gaseous storage in geological caverns providing and energy

capacity to fulfill the nominal discharge power for nearly 3 months. When compared to other

energy storage technologies, only pumped hydro storage has lower cost, which suggests that

these ReSOC energy storage systems should be considered an important component of bulk-

scale energy storage in the future. The primary contributions to system cost include the

ReSOC stack, underground cavernous storage, and operating expenses. The analysis uses

capital cost value for the ReSOC assuming high production volume capable of satisfying such

large scale systems (200 $/kW), so this production capacity is a prerequisite to achieving the

reported cost. Further reductions in ReSOC cost, or increases in durability, can contribute

to lower total system cost.

The distributed scale systems have energy storage cost of 8–11/c/kWh which is similar

to the cost of red-ox flow batteries and exceeds conventional batteries [18]. However, the

capital cost and application-derived benefits are not met with the systems analyzed in this

work.

10.5 Cell-stack performance targets

One objective of this work was to set performance targets for cell and materials devel-

opment for specific operating ranges that benefit system operation. The results indicate

that lower stack resistance is required for successful implementation at the desired operating

temperature. The distributed-scale system analysis shows that an overall stack resistance of

0.20 Ωcm2 should be targeted to achieve high system efficiency at economically viable power

density (i.e., about 0.40 W/cm2). Furthermore, this low stack resistance should be achieved
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at a cell temperature of 600°C for successful implementation of the ambient pressure stack,

distributed-scale system.

The operating conditions found to be optimal for the bulk-scale system match well with

current intermediate temperature ReSOCs (i.e., 680°C and 20 bar). Furthermore, laboratory

cell performance achieves the targeted cell performance at these conditions (see Section

5.1.4), although the impact of cell-stacking increase overall stack resistance dramatically (see

Section 5.1.6). Mitigating the increased resistance associated with cell-stacking is critical to

implementing such ReSOC systems with present cell technology.

10.6 Future work

I will conclude this dissertation with a brief discussion to help guide future researchers

with my knowledge of ReSOC energy storage systems. Future research efforts should focus

in two categories: higher fidelity system simulation and alternative system configurations

analysis.

Higher fidelity system simulation is an important extension of the work presented in

this dissertation. The modeling results here rely on thermodynamic system component

models. This approach helps to provide a general idea of system operation, but does not

capture the influence of, for example, off-design performance associated with part-load and

dual-mode operation. Future work must also address the complications of dynamic system

operation. Dynamic operation in a ReSOC energy storage system is somewhat distinct from,

for example, SOFC power systems. In other words, even if the power supplied or consumed

by the ReSOC is constant in time, the impacts of tank storage introduce time dependent

properties to the BOP and stack. In addition to the inherent system dynamics associated

with tanked storage, system performance under dynamic external load must be explored.

Most energy storage applications require some degree of system load following, and the

capabilities of ReSOC systems for this purpose have not yet been addressed.

A wealth of system configurations exist which have not been comprehensively evaluated

in this work. The discussion in Section 2.5 outlines various design considerations, although
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not every trade off presented in Section 2.5 was addressed in this work. Furthermore, other

work has suggested different thermal management strategies, reactant storage configurations,

and system integration approaches. In my opinion, the most promising configurations that

should be explored in extending the present work include the following: (1) Inclusion of

auxiliary methanation and reforming reactors to drastically increase the methane content of

the stored gas. This has been initially explored elsewhere [95], and should continue to be

considered in future research. In particular, this approach may be synergistic with utilizing

the natural gas network as a storage medium to mitigate the challenges and high cost of

tank storage. In other words, this approach would involve using the ideas presented in this

dissertation to achieve increased roundtrip efficiency with the power-to-gas systems [107].

(2) System integration with heat sources from other industrial processes. The approach

of coupling nuclear [32] or solar-thermal [111] with reversible fuel cell systems has been

described previously. These approaches can also be explored in conjunction with the ReSOC

operating strategies explored in this work. Flexible thermal management through either

tuning ReSOC operating conditions (as in this work) or utilizing an external heat source (as

elsewhere) will increase the robustness of these systems for different operating applications.

Furthermore, performance benefit is possible for the systems presented in this dissertation

by supplying relatively low grade heat for steam generation.

Finally, within any of the future studies, optimization can help to establish the best

system performance. This work has shown the high degree of operating parameter interde-

pendency, particularly with regard to stack operating conditions. Many opportunities exists

for system optimization including system BOP configuration, stack operating conditions,

and reactant compositions.
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