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LAY ABSTRACT

Solid oxide fuel cell (SOFC) and solid oxide electrolysis cell (SOEC) have been investigated for
decades. Fuel flexibility, high efficiency, low levels of noise and environmental burdens are
substantial advantages of these cells over the current power and hydrogen plants. The biggest
limitation of previous studies is ignoring or underestimating degradation of SOFC and SOEC.
Open literature lacks adequate research studies that address impacts of operating parameters on
performance degradation of SOFC and SOEC. The inadequate understanding of degradation
phenomena resulted in limited commercial development of this technology. This thesis focuses on
developing models for prediction of SOFC and SOEC degradation with respect to their operating
conditions. Moreover, this thesis addresses the impacts of degradation in economic and

environmental feasibility of SOFC and SOEC.
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ABSTRACT

The key to a cleaner future is to alleviate reliance of energy sectors on non-renewable fossil fuel
sources and reduce their environmental burdens. This can be achieved by using power generation
units such as Solid Oxide Fuel Cell (SOFC) that use natural gas more efficiently compared to the
existing fossil fuel-based technologies as well as energy storage units such as Solid Oxide

Electrolysis Cell (SOEC) that enable increase in the amount of intermittent renewable power

supply.

This thesis describes the models constructed for conventional SOFC and SOEC degradation to
show how performance of these cells degrade over long periods of time under their operating
conditions. The goal of this thesis is to evaluate the economic and environmental performance of

SOFC and SOEC under degradation and compare them to the existing technologies.

In this thesis project, the economically optimal sizing, and trajectories of natural gas-SOFC and
SOEC are found considering their degradation. Impacts of SOFC capital cost, price of natural gas,
and CO> tax on economic performance of SOFC and impacts of SOEC capital cost and price of
electricity on economic performance of SOEC are quantified to help decision makers evaluate
economic feasibility of these cells in different locations. Economical operation of an SOFC plant
requires lowering its current density slowly over time which results in power output reduction.
This can limit the application of SOFC for communities that need constant load of power all the
time. To combat this issue, this thesis also focuses on scheduling start-up of optimally operated

SOFC modules such that SOFC system as a whole has a constant power output.

This thesis assesses environmental performances of SOFC and SOEC and compares them with the

existing technologies. A detailed life cycle analysis of optimally operated natural gas-fueled SOFC
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plant under degradation is performed using ReCiPe 2016 and TRACI 2.1 US-Canada 2008
methods. Then, it compares the major environmental impact categories of this plant with those of
two mature technologies that use natural gas for power generation. Moreover, life cycle
greenhouse gases (GHG) emitted from manufacturing SOEC and its power source are quantified
to assess environmental performance of SOEC. This is performed for SOECs with various power
sources from low GHG emission sources to high GHG emission ones. The levelized cost of
hydrogen and life cycle GHG emissions of SOECs with different power sources are then compared

to those of other hydrogen generation units.

SOFC can serve as an efficient, cost-effective, environmentally friendly option for power only or
heat and power generation in many places even at high natural gas prices and carbon taxes. While
SOEC, despite its high efficiency, might not be a very economical or environmentally responsible
option for hydrogen production when the price of electricity is high and power supply has high

GHG emissions.

Vi
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PREFACE

Chapters 2-4, and 6 involve multi-author articles published in peer-reviewed scientific journals.

Chapter 5 contains a work published in CSChE Systems and Control Transactions Vol 1. This

article was not peer-reviewed.

Chapter 7 involves a manuscript submitted for publication in a peer-reviewed scientific journal.

My contribution to each chapter is as follows.

e Develop mathematical model for degradation of SOFC in MATLAB and validate it.
o Haoxiang Lai helped with implementing some parts of this model in MATLAB.
e Develop data-driven model for degradation of SOEC in ALAMO and validate it.
e Formulate and solve the economic optimization problems in GAMS.
e Perform cradle-to-product LCA on SOFC in SimaPro.
e Schedule installation of SOFC modules for a constant power production.
e Analyze the findings and visualize the data.

e Write the original draft of each manuscript.

Contributions of Dr. Thomas Adams Il in chapters 2-7 are as follows.

e Supervision.

e Conceptualize the research project and administer it.

e Provide resources and software.

e Provide insightful guidance and discussion on formulating the problems and analyzing
the findings.

e Review and edit the manuscripts.
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Contributions of Dr. James Cotton in chapters 2-7 involve:

e Provide funding.
e Supervision and project administration.
e Provide insightful feedback and advice on various stages of the project.

e Review and edit the manuscripts.
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CHAPTER 1: INTRODUCTION

Preliminaries
This chapter contains a brief literature review, description of the conventional SOFC and
SOEC technologies 1.2. The objective and the novelties of the thesis project are given in

section 1.3. Finally, a description of the thesis outline is given in section 1.4.

1.1. Background

The worldwide energy demand is forecasted to grow 25% by 2050.! Governments have
been trying to encourage energy sectors to switch to cleaner sources of energy and lower
the CO2 emissions by incentives such as CO: tax. Even though the share of renewable
sources in the electricity generation industry is increasing, fossil fuels are still the dominant
source of global electricity generation with ~63.3% of it.2 There are several barriers to
worldwide use of renewable energy sources such as high capital costs, geographic
limitations, and unreliability. Thus, the share of natural gas in the electricity production
sector has continued to grow on the global scale.® Currently in the electricity generation
sector there is a compelling need for improving efficiency of the existing natural gas-fueled
electricity generation technologies. Among the natural gas-fueled power generation
technologies, solid oxide fuel cells (SOFCs) with promising features such as high energy
(heat and power) efficiency, substantial amount of heat as a high-quality by-product,
reduced noise, and low environmental burdens are a good replacement for the existing
natural gas-based power-only and combined heat and power (CHP) technologies.* These

cells can also be operated in electrolysis mode in which they consume power to electrolyze

1
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steam. Solid oxide electrolysis cells (SOECs) are an efficient technology for green
hydrogen production. SOECs play a key role in deployment of clean and renewable power
sources such as nuclear, wind, and solar, as SOECs enable storage of surplus power

generated by these sources in the form of hydrogen.

1.1.1. Brief Description of Solid Oxide Fuel Cell and Solid Oxide Electrolysis
Cell Technologies

SOFC is an efficient electrochemical unit that consumes fuel and oxidant (air) to generate
electricity through exothermic reactions. Conventional SOFC consists of La;—xSrxkMnQOz
(LSM) cathode, Ni-Yttria stabilized Zirconia (Ni-YSZ) anode, and YSZ electrolyte. In
SOFC fuel is delivered to the anode side, and oxidant (air) is supplied to the cathode side.
Unlike other fuel cells, SOFCs are not limited to hydrogen gas as fuel and they can be
operated with various fuel sources such as natural gas, coal, diesel, etc. When supplied with
hydrocarbon fuels, fuel can be reformed internally inside anode or externally through a
reformer. Ni in the anode works as a catalyst at the high operating temperature of SOFC
and allows internal reforming of the carbonaceous fuel.>® Figure 1 shows a schematic of

operation of an SOFC supplied with a carbonaceous fuel.
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Figure 1. Schematic of an SOFC using carbonaceous fuel. Reprinted with permission from ref.’
Copyright 2013 American Chemical Society.

The overall electrochemical reactions in hydrocarbon fuel-based SOFC are as follows,

H, + 0%~ - H,0 + 2e~ 1
CO + 0% - CO, + 2e” 2
The solid oxide electrolyte of SOFC should have a low electrical conductivity in order to
ensure that the released electrons flow from anode to cathode through the external circuit.
Additionally, SOFC’s electrolyte has a dense structure with high ionic conductivity that
conducts oxygen ions from cathode to anode, while it prevents the diffusion of gas
molecules.® The electrochemical reactions take place at high temperatures. The anode
exhaust contains some unspent fuel, steam, and carbon dioxide at high temperatures. The

exhaust of pressurized SOFC can be delivered to gas turbines to generate more electricity
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and further improve the overall efficiency of the system.® Alternatively, the hot exhaust can

be simply used for heat demands of the community through heat exchanger networks.

SOEC is a counterpart of SOFC that is operated in reverse. In SOEC, fuel gas which mostly consists
of steam at high temperature is delivered to the fuel electrode. Electrolysis cells consume electricity

to split molecules of water through following reaction,
H,0 + 2e” - H, + 0%~ 3

The fuel electrode exhaust contains hydrogen and some unspent steam at high temperatures.
Oxygen ions migrate from the fuel electrode to the air electrode where following reaction takes

place and pure oxygen leaves air electrode at elevated temperatures.
20% - 0, + 4e” 4

SOEC feature higher efficiency compared to the low-temperature electrolysis cells such as alkaline
or polymer electrolyte membrane (PEM) electrolysis cells. High-temperature SOECs consume less
electrical energy because a part of required energy for the electrolysis of water is supplied as thermal

energy.

1.1.2. Limitations of Solid Oxide Fuel Cell and Solid Oxide Electrolysis Cell

High operating temperatures of SOFC and SOEC, facilitate internal reforming of
hydrocarbon-based fuels in SOFC, decrease the need for electrical energy in SOEC, and
enable conduction of ions through solid oxide electrolyte. However, such high temperatures
limit selection of materials for different parts of SOFC/SOEC. Number of unwanted
reactions take place in different parts of SOFC/SOEC under their typical operating

conditions that result in degradation of the cells. Performance degradation is the main
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barrier to commercialization of SOFC/SOEC. Several research studies have focused on
developing new degradation-resistant materials.’®'* However, none of the new
SOFC/SOEC technologies had the economical feasibility, and chemical and thermal
stability for widespread commercialization. Cells with Ni-YSZ anode, YSZ electrolyte, and
LSM cathode are still the most common and mature SOFCs/SOECs. Degradation of SOFC
can usually be classified in two different categories i.e., inevitable losses, and system
degradation mechanisms. The overpotentials/polarizations caused by the cell’s degradation
decrease its voltage such that SOFCs supplied with a constant fuel flow deliver less voltage
and power over time. Inevitable losses are usually caused by ohmic resistance in or between
cell’s components, gas concentration gradient in the electrodes, and activation barrier of
electrochemical reactions. In the low current density region, the fuel cell is mainly affected
by the activation polarization. The ohmic polarization occurs in the intermediate current
density region and the concentration polarization is more dominant at high current densities

(Figure 2).

4
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Figure 2. Polarization curve of a fuel cell. Reprinted with permission from ref.?®



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

The governing system degradation reactions in anode-supported SOFC are mainly related
to microstructural deterioration such as coarsening and oxidation of Ni in anode, changes
in anode pore size. Decay of electrical conductivities of anode and electrolyte, and sulfur
contamination of anode are other major system degradation phenomena in these cells. Even
though the impacts of operating parameters on each degradation reaction have been studied
previously, their influences on the system as a whole were not well understood until the
recent past.>%-1® Moreover, there seemed to be a conflict between the findings of some of
these studies, as some revealed a positive correlation between SOFC degradation and its
operating temperature while others showed that degradation rate is lower at higher
temperatures. As such, there was a paucity of comprehensive information about how
degradation of a conventional SOFC system as a whole could be managed by adjusting the

operating conditions.

Degradation reactions in SOEC and how they are affected by the operating parameters are
not well investigated compared to that of SOFC. Sohal et al. conducted long-term
experiments on SOEC followed by post-test analyses of the components of SOEC at Idaho
National Laboratory (INL).® Post-mortem scanning electron microscopy (SEM) revealed
changes in the Ni particle size distribution and changes in the microstructure of the fuel
electrode-electrolyte interface. However, the nature of the degradation reactions and the
influence of the operating conditions on them remained an enigma. Hoerlein et al. tested
number of identical SOECs under various current densities, operating temperatures, and
fuel gas humidities.?® They measured time evolution of SOEC performance degradation

without studying causes of degradation. Until recently, open literature was lacking a model
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for degradation of SOEC with conventional technology with respect to its operating
parameters. This has led many researchers to attempt to improve the technology in order to
lower the degradation issues. However, as discussed above the new SOEC technologies are

not likely to be commercially available in near future.

1.2. Thesis Objectives

At present, there is an urgent need in the energy sectors for replacing the traditional power
units and energy storage systems with more efficient and environmentally friendly options.
SOFC and SOEC are promising options for this purpose. Even though these cells can
benefit from advancement of technology in the future, the existing SOFC and SOEC with
the traditional technology can be used to reduce fossil fuel consumption and lower the
environmental impacts. The objective of this thesis is to find the optimal trajectories of
SOFC and SOEC with the traditional technology for an economical power generation (by
SOFC) and hydrogen production (by SOEC). The main novelty of this work is that SOFC
and SOEC degradation is considered in their economic and environmental analyses unlike
several other studies that ignored or underrated degradation of these cells. This is
significant, because the findings will enable us to manage SOFC and SOEC degradation,
increase their useful operational time, and use them in a cost-effective manner without the

need for improving the technology.

1.3. Thesis Contribution

e | developed a first-principles model in MATLAB for SOFC degradation using the

publicly available studies in the literature on SOFC degradation. This is the first-
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ever SOFC model that accounts for main system degradation reactions in SOFC as
well as its inevitable losses. This is achieved by integrating mathematical models
of six governing system degradation reactions into the thermodynamic models of
SOFC inevitable losses. This model settled the contradiction in the literature about
the impact of operating temperature on SOFC degradation. This model enables
calculating instantaneous degradation rate at each point of time and resolves the
issue of inconsistency in the calculation of this metric in the literature. This issue
was a result of using different numerical finite difference methods and had led to a
broad range of numbers found for SOFC degradation rate. The details of this model
have been explained in a peer-reviewed paper published in Industrial and
Engineering Chemistry Research (I&EC Research). This was the first peer-
reviewed paper published from this thesis project. This paper is provided in Chapter
2.

e Next, | evaluated the economic of power generation in large-scale using SOFC
fueled by natural gas. For this, | solved an economic optimization problem in
GAMS (General Algebraic Modeling System). This is the first-ever economic study
of SOFCs that considers the effects of degradation using a detailed degradation
model. This work showed how one can manage degradation of conventional SOFC
and operate them economically over extended periods of time only by varying the
operating conditions. This work also compared degradation and economic
performance of SOFC systems in different operating modes. Finally, the impact of

heat recovery from the exhaust of SOFC by adding heat exchangers to heat water
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on the economics of the system was examined. Chapter 3 consists of the peer-
reviewed paper published from findings of this economic analysis in I&EC
Research.

e Then, | studied environmental performance of natural gas-fueled SOFC while
accounting for its degradation. The cradle-to-product life cycle environmental
impacts of power production by SOFC at mid-point level was evaluated in SimaPro.
This life cycle analysis (LCA) was performed using ReCiPe 2016 and TRACI 2.1
US-Canada 2008 methodologies based on detailed life cycle inventory data from
open literature. This work also compared the environmental impacts of electricity
generation from three different CHP systems that use natural gas as fuel namely;
SOFC, internal combustion engine, and gas turbine. The third peer-reviewed paper
published in Energy Conversion and Management during this thesis explains the
details of this work. Chapter 4 consists of this paper.

e In the next step, | focused on scheduling start-up sequence of SOFC modules such
that each individual module is operated at the optimal conditions and in the optimal
mode. With this staggering approach each module degrades smoothly over time,
and gradually loses power but the entire SOFC system as a whole delivers constant
power. Chapter 5 consists of the paper published from this work in non-peer
reviewed CSChE Systems & Controls transactions. This is the fourth paper
published during this thesis.

e Next, | developed a data-driven model for SOEC degradation in ALAMO

(Automated Learning of Algebraic Models) based on publicly available data of
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1.4.

1)

long-term examination of SOECs under different conditions. This is the first-ever
model developed for SOEC degradation. This model provides good prediction of
time variations of SOEC performance due to its degradation as a function of current
density, operating temperature, and fuel gas humidity. The paper published from
this work in peer-reviewed Computer Aided Chemical Engineering journal goes
into details of this model. Chapter 6 consists of this paper.

Finally, | addressed economic and environmental viability of using SOEC for
hydrogen generation. The main novelty of this work is considering SOEC
degradation in its economic and environmental assessment which is critical for
design and operation of a reliable system. The optimal trajectories for the most
economic hydrogen generation by SOEC were found. A sensitivity study was
performed to address the impacts of SOEC capital cost and price of supplied
electricity on the economics of SOEC system. The environmental performance of
SOEC with various power sources was evaluated through computing its cradle-to-
gate life cycle GHG emissions. To complete this study, the cradle-to-gate life cycle
GHG emissions per kg of hydrogen and levelized cost of hydrogen of SOEC with
those of the existing hydrogen generation processes were compared. The sixth paper
submitted to the peer-reviewed journal of Frontiers in Energy Research consists of

the findings of this work. This paper is provided in Chapter 7.
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CHAPTER 2: A MATHEMATICAL MODEL FOR
PREDICTION OF LONG-TERM DEGRADATION EFFECTS
IN SOLID OXIDE FUEL CELLS
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15



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

Abstract

A mathematical model of long-term solid oxide fuel cell (SOFC) degradation is proposed,
based on a cross-cutting meta-study of SOFC degradation research available in the open
literature. This model is able to predict long-term SOFC performance under different
operating conditions, and it accounts for the main degradation mechanisms, including: Ni
coarsening and oxidation; anode pore size changes; degradation of anode and electrolyte
conductivity; and sulfur poisoning. The results of the study indicate that SOFCs initially
degrade quickly, but that the degradation rate diminishes significantly after approximately
1000 hours of operation. Consequently, the effects of different factors associated with
degradation rate are investigated, including current density, temperature, and partial
pressure of Hy in fuel source. Sensitivity analyses show that current density and H> partial
pressure have the highest and the lowest impact, respectively. In addition, the model has
been developed to assess sulfur poisoning within pre-reformed hydrocarbon-fuel-based
SOFCs, while previous models have mostly focused on performance loss in Hz-fueled
SOFCs. H2S deactivates catalytic activity of the SOFCs by reducing electrochemical
activity and hydrocarbon conversion. Therefore, sulfur affects SOFCs that use different
fuel sources in different ways. As a result, the models developed for Ho-fueled SOFCs

cannot be used for hydrocarbon-fueled ones.

Nomenclature

Nomenclature Greek Symbols

16



Ph.D. Thesis - Mina Naeini

McMaster University — Chemical

Engineering
A area, m? n overpotential loss, V
Aot area of active TPB region, m? o electrical conductivity, Q@ m?
A]‘-’ volume-specific surface area of ® porosity
reaction j, m*m T relaxation time, s
¢ stoichiometric coefficient of T surface tortuosity
species i T electrode tortuosity
¢  stoichiometric coefficient of & volume fraction
species in forward reaction B fitting parameter
¢’ stoichiometric coefficient of A fitting parameter
species in backward reaction Y surface energy, J m™
Dy,  pore diameter, m N pre-exponential factor in
Dw  width of a corrugation, m electrode, A m™
Dysz mean diameter of YSZ particles, m | € volume element, m®
Dni mean diameter of Ni particles, m | Js thickness, m
Ds atomic surface diffusion a fraction of the reaction heat

coefficient, m? s!

Detr  effective diffusivity, m? s

Dij  binary diffusivity, m?s?

D« Knudsen diffusivity, m? s?

Eat  activation energy, KJ mol?

F Faraday’s constant, C mol™

I current, A

produced in the anode

Vi diffusion volume of species i
% overlap angle, 15°
pi density, kg m3

Subscripts and Superscripts
0 initial condition

ac air channel

17




Ph.D. Thesis - Mina Naeini
Engineering

McMaster University — Chemical

i current density, A cm™
o exchange current density, A cm

Kg Boltzmann constant, J K1

L length, m

L’ reaction-region thickness, m
Mi mean molar mass, kg mol™
Nni number of Ni particles

n equivalent electron per mole of
reactant, equiv mol*
P pressure, Pa

Pr site occupation probability

R gas constant, J mol* K1

Ri net rate of phase i formation, mol
m3st

r average radius of particles, m

rd degradation rate, % / 1000 hours

Sij rate of formation of phase i in

reaction j mol m2 s (for two-phase

reactions) mol m? s (for three-phase

reactions)
T temperature, K
t time, s

an

Cca

ch

ele

fc

ohm

act

con

el

ref

re

anode

cathode
channel
electrolyte

fuel channel
interconnect
anode, cathode
ohmic
activation
concentration
channel shoulder
electronic
ionic

reference

X direction

y direction

z direction
product

reactant
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TPB triple phase boundary
AV, voltage drop due to sulfur
poisoning, V

\ voltage, V

Vni  volume of Ni phase, m®
W weighting factor

Zy average initial coordination

number

1. Introduction
A solid oxide fuel cell (SOFC) is a power-generation unit that enables direct conversion of
chemical energy from a fuel source into electrical energy with high electrical efficiency (60
%rv) L. SOFC systems can be used at a wide variety of scales, such as in integrated
community energy systems (ICEs) to supply heat and power at scales on the order of ten
thousand people. Unlike other fuel cells that require H2, SOFCs can generate electricity
using various types of hydrocarbon-based fuels, including natural gas. The large amount of
useful waste heat generated at high operating temperatures means that the heat can be
harvested to further increase the total system level energy efficiency to 85% v . For
instance, this captured heat can be distributed via hot water pipes to meet the community’s
heat demands 2. This is a key feature of SOFCs when integrated in ICEs, as replacing typical
gas boilers with SOFCs can significantly reduce a community’s GHG emissions. However,

the limited lifetime of SOFCs has prevented their large-scale commercialization. In
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addition, it is critical to determine the proper cell size when implementing SOFCs in an
ICE, as this will ensure that the community’s energy needs are met. Furthermore, the loss
in performance over time makes it important to determine not only the SOFC’s initial
performance capabilities, but also what its power output will be after long-term operation,

as this information is critical for sizing and operating decisions °.

The key to increasing lifetime of the SOFCs is to understand the various physical, chemical,
and electrochemical reactions that take place by contaminants in the gas feed and operating
conditions of SOFCs #°. Deterioration processes affect various characteristics of the cells,
such as the number and size of nickel particles, anode pore size and conductivity, the
density of the triple phase boundary (TPB), and electrolyte conductivity °. A good
degradation model should enable the rate and magnitude of irreversible performance loss
to be measured at particular operating conditions, and it should also enable the
determination of the cell’s optimal operating conditions, thus extending its lifetime. Once
these specifications have been identified, it is then possible to calculate which size of SOFC
is ideal for an ICE under the given conditions. Although several studies have explored
SOFC degradation, a general model that accounts for degradation mechanisms in the
literature is still lacking. Due to several assumptions, the previously proposed models
underestimate the degradation rate, which leads to the unrealistic sizing of the system +8,
The following example clarifies the importance of accurate calculation of degradation rate
on sizing of the cells. For example, suppose SOFCs are needed by a community to operate
at a particular condition, and the system is designed expecting that after 1000 hours of

operation, the SOFCs should be able to deliver a minimum power of 20 kW. One study
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predicted an average degradation rate of 5%/kh, and thus the designers purchased SOFCs
with an initial capacity of 21 kW. However, a more accurate study predicted an average
degradation rate of 10%/kh over the first 1000 operational hours at that particular condition.
With this rate of deterioration, the 21 kW SOFCs cannot deliver more than 18.95 kW after
1000 hours. In fact, considering the accurate prediction of the degradation rate, SOFCs
should have a minimum capacity of 22.2 kW in the beginning to be able to meet the power

constraint after 1000 hours.

Operating conditions such as temperature and current density significantly impact the long-
term performance of SOFCs *; hence, the development of a degradation model that can
account for effect of these parameters would allow system designers to change the design
or the way it is operated in order to increase the lifetime of the cells *. Although the SOFC’s
high operating temperature affects the electrochemical reactions and the chemical stability
of its components, it is not clear whether the SOFC’s lifespan would be enhanced if it were
run at lower temperatures. While some studies have found a positive correlation between
degradation rate and temperature °?, others have shown that the degradation rate actually
increases at lower temperatures %1314 Degradation mechanisms that occur due to
interdiffusion, decomposition, corrosion of materials, or agglomeration of particles are
more severe at higher temperatures, while poisoning-based processes such as sulfur
poisoning are more prominent at lower temperatures 2. Although poisoning and
contamination are highly deteriorative, they can usually be avoided or controlled by coating
SOFC components or changing their microstructure, or by changing fuel composition or

the stoichiometry ratio *>-%1. Experiments studying the poisoning of SOFC components are

21



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

usually performed under accelerated contamination conditions or on symmetric cells rather
than full cells. Moreover, these experiments often focus on the isolated effects of
contaminants, which means that their results do not account for the complex interactions
between deterioration reactions across a full SOFC 34, Other studies have found that the
effects of other degradation mechanisms can be decreased and controlled by varying

operating parameters, though they cannot be completely avoided °.

A summary of degradation models found in the literature can be found in Table 1. From
this summary, it is clear that the effects of operating temperature on SOFC performance are
not very straightforward. For example, Nakajo et al.’s data-driven model and Parhizkar’s
model show that SOFCs have longer lifetimes when operated at lower temperatures >*%,
The model developed by Nakajo et al. accounts for deterioration processes such as Ni
particle coarsening in the anode, reduced electrolyte conductivity, and the corrosion of
interconnect material **. Parhizkar et al.’s model considers Ni coarsening and oxidation,
and anode conductivity degradation °. In contrast, Yoshizumi et al. found sulfur poisoning
to be the main SOFC degradation mechanism, and performance loss increased at lower

temperatures due to sulfur contamination 2.

Table 1. Overview of different models for SOFC performance.

Common system degradation Other Degradatio
mechanisms in conventional phenomena |n
Ref. Notes SOFCs considered [correlation
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As it can be seen in Table 1, some of the models developed for SOFC performance
prediction only consider inevitable performance drop, which is a part of overpotential
caused by unavoidable physical, chemical, and electrochemical deteriorating processes.
Conventional thermodynamic equations for ohmic, activation, and concentration
overpotentials account for inevitable performance losses (Eqgs. 7-9, 32, 36, and 37 in the
next section). However, system degradation processes can increase overpotential.
Overpotential caused by system degradation mechanisms can be avoided or controlled by
system design and operation °. To yield a precise prediction of long-term performance
degradation in SOFCs, system losses should be added to the inevitable overpotentials. In
other words, a comprehensive degradation model should account for the overpotentials due
to system degradation mechanisms (such as deterioration of anode microstructure,
degradation of anode and electrolyte conductivities, and contamination of the cells) in
addition to the inevitable overpotentials. Most of the system deterioration reactions that are

common in the conventional SOFCs are listed in columns 3-8 of Table 1. All models for
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SOFC performance degradation take inevitable overpotentials into account. But these

models usually ignore most system losses for simplification.
1.1 System degradation mechanisms

Several models have been developed for system contamination and degradation
mechanisms in SOFCs. Models employed in the proposed comprehensive SOFCs

performance models in this work are discussed in the following subsections.
1.1.1 System degradation mechanisms in electrolyte

As modeled by Coors et al., yttria-stabilized zirconia (YSZ), which is the conventional
electrolyte material for SOFCs, shows deterioration in electrical conductivity with time 2°.
This is a system degradation mechanism that increases ohmic overpotential, however
SOFC performance models usually assume that the electrical conductivity of YSZ does not

change with time 582,
1.1.2 System degradation mechanisms in anode

Degradation of anode microstructure that occurs in the form of Ni coarsening and
oxidation, and in the pore diameter is a common cause of performance loss in anode-
supported SOFCs. The number of nickel particles in the Ni-cermet anode decreases due to
coarsening and oxidation. Gao et al. have proposed a theoretical model for the coarsening
of nickel particles under SOFC operating conditions °, while Neidhardt et al. have
developed a model for the oxidation of nickel particles due to the presence of oxygen and

steam at high temperature 3.
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In addition to these factors, it is also important for degradation models to consider other
consequences of nickel coarsening and oxidization, such as changes in pore size,
degradation of anode electrical conductivity, and changes in area of active regions. Hardjo
et al. studied the degradation of anode electrical conductivity as a result of a decrease in the
number of nickel particles and an increase in their size 3223, Although pore size is generally
assumed to be constant in degradation models, changes in pore diameter over time can
affect SOFC performance by altering the area of active regions, TPB density, and mass
diffusivity at the anode >"82. The model by Divisek and Wilkenhoener was selected for
calculation of anode pore size 3*. Then it was updated by the size of Ni particles after

coarsening to measure the changes in the pore size.

Different methods have been proposed for avoiding or decreasing the effects of degradation
mechanisms. For instance, it is possible to reduce or avoid some of the contaminating
mechanisms in SOFCs by changing or modifying its microstructure. In addition, selecting
the proper carbon-to-steam molar ratio makes it possible to largely avoid carbon deposits
on Ni-based anodes in hydrocarbon-fueled SOFCs 2L, Chromium poisoning of the cathodes
also can be reduced significantly by applying proper coatings on the interconnect and the
cathode 7. Conversely, other studies have shown that the best approach to reducing sulfur
poisoning is by controlling operating conditions, such as temperature and current density
14.21.263536 SOFCs have a high degree of fuel flexibility, which makes them suitable for use
in ICEs, as they can be easily operated using natural gas (NG). However, NG contains H>S,

which can contaminate the SOFC’s anode. This is problematic, as Aguilar et al. found
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sulfur contamination of the anode to be the main cause of cell performance degradation,

with overall cell resistance increasing alongside the H2S concentration 7.

Various researchers have also modeled sulfur poisoning of H.-fueled SOFCs 227, For
instance, Ryan et al. developed a damage model to quantify SOFC performance loss due to
sulfur contamination, with results showing that performance deterioration is more severe
at lower temperatures and when the fuel contains higher concentrations of H2S 8. Prior
sulfur poisoning models account for the impact of temperature on sulfur contamination in
SOFC anodes that are supplied with H,. Other research has found that current density also
affects sulfur poisoning in Ni-YSZ anodes, as oxygen ion concentration changes with

current density %,

Unfortunately, the developed sulfur-poisoning models for H>-fueled anodes cannot be used
for hydrocarbon-fueled SOFCs. This lack of transferability is due to the fact that H»S not
only poisons electrochemical reactions in the presence of hydrocarbons, but it also reduces
catalytic reactions such as internal methane reformation 2%, Studies have shown that sulfur
contamination of the SOFC anode can mostly be avoided by removing H2S from the fuel
stream 22%:38_ For example, Yoshizumi et al. showed that injecting a desulfurized fuel into
an anode that has previously been poisoned by sulfur will cause sulfur desorption from the
anode surface, reversing the sulfur poisoning effects. 22. However, recovering from the
effects of sulfur contamination requires sulfur removal and gas sweetening operations
upstream which, depending on the scale of the system and intended application, may not

always be practical. This would come at additional balance-of-plant costs, and more
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research is needed to examine the economic and practicality trade-offs with the context of

SOFC degradation for hydrocarbon systems.

The models listed in Table 1 and discussed above face two main issues: 1) they ignore some
of the main deteriorating mechanisms, and 2) an algebraic expression of degradation or
voltage is produced by fitting to experimental data points, making the expression case-
specific rather than generalizable. The objective of the present study is to develop a
comprehensive model that accounts for the dominant degradation processes that commonly
happen in SOFCs, primarily via theoretical equations. The proposed model accounts for
the following degradation mechanisms: a) Ni coarsening, b) Ni oxidation, c) changes in
anode pore size, d) changes in anode electrical conductivity, e) changes in electrolyte ionic
conductivity, and f) sulfur poisoning. These are most of the common deterioration
processes in conventional SOFCs with Ni-YSZ anodes, YSZ electrolytes, and
Lai—xSr«MnOs (LSM) cathodes. Although different models are developed for each of these
mechanisms in the literature, to the best of authors’ knowledge this is the first model that
takes all of these into account holistically and can be used for a broad range of applications.
In the previously proposed models, most of these mechanisms have been ignored for
simplification which results in underestimation of SOFCs degradation over long period of

time.

The proposed model considers the common degradation effects to simulate the impact of
operating conditions on long-term performance of SOFCs, thus allowing it to provide
realistic results requiring minimal assumptions. The model applies to both hydrogen and

hydrocarbon fuels, because it is informed by data from current density impact studies by
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Hagen et al %. The results of this research are important for the wide commercialization of
SOFCs in ICEs, as the presented model will allow system designers to select the optimal
ICE system design and operational parameters with the degradation rate integrated into the
control and operation strategy. Not only will this increase the SOFC’s lifetime, but it will

also allow system designers to select the optimal cell size for their specific energy system.

2. Modeling approach
An SOFC consists of a porous anode and cathode, dense electrolytes, and a metallic
interconnect. The cell works by reducing oxygen molecules at the cathode/electrolyte
interface to form oxygen ions which then migrate through the electrolytes to the anode.
Once at the anode, the ions oxidize the fuel source via an electrochemical reaction (Eqg. 1),
producing high-temperature steam and free electrons. In this work, we show a general form
of the model that can be used for H. fuel. However, with minor changes in some of the

equations, this model can be used for carbonaceous fuels.
Hz+0* 5> H0+2¢ @

Dense YSZ, which is the electrolyte conventionally used in SOFCs, prevents direct fuel
combustion via the solid-state conduction of ions. YSZ has a selective diffusion property,
which allows the conduction of oxygen ions, but prevents the transport of gases molecules
8. Moreover, YSZ’s low electrical conductivity ensures the transfer of free electrons

through the external circuit connecting the anode and the cathode, resulting in the
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generation of electricity (Fig. 1). Electrochemical reactions occur at the triple phase

boundary (TPB), which is the interface between gas, the electrode, and the electrolyte.

To Load

CO, H2 ( +e- ) Hgo, C02,
CHa, and/ unspent
or others Anode H, + O~ — H,O + 2™ fuel
- > O™ +CO — CO, + 2¢ L

i Solid-State O~ Conductor

* Spent

Air e RSO R G SR < Air

—F RN o .

Cathode ©Oz2*4e—0"+0

e

( From Load )

Fig. 1. Schematic of SOFC operation. Reprinted with permission from “°. Copyright (2013)
American Chemical Society.

The maximum voltage of an SOFC is achieved in an open circuit condition and is known
as open circuit voltage (OCV). OCV can be calculated at different temperatures and partial
gas pressures via the Nernst Equation (Eg. 4) and the Gibbs free energy change from the

SOFC reaction, as shown in Eq. 2 4,

b 1/2
AG = AG° — RT In (M) @)

PHzO

In Eq. 2, AG” is the Gibbs free energy change of the water formation reaction (Eqg. 1) at
standard pressure (1 atm), and P;j is the partial pressure of gas species i in the fuel and air

channels.
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-AG
E=— (3)

Where E is the OCV at the SOFC’s operating condition, n is the moles of electrons involved
in the water formation reaction, (2 for Eq. 1), and F is the Faraday constant. The Nernst

Equation is then obtained by substituting Eg. 2 into Eq. 3:

b 1/2
E=E + %ln (M) 4)

PH20
In this equation, E° is the SOFC’s OCV at standard pressure (1 atm).

In addition, the OCV for SOFCs that use other types of fuels can be calculated using the
Nernst equation with the Gibbs free energy change of the fuel’s oxidation reaction. Eq. 5
shows the general form of OCV for fuel’s oxidation reaction:

_ oy RTy (Tl P
E=E+—ln (—de p;§d> (5)

Where re and pd stand for reactants and products, respectively. B.. and P, are partial
pressure of reactants and products. While, ¢, and c,, account for the stoichiometric

coefficients of reactants and products in the fuel’s oxidation reaction, respectively.

When current flows through the external circuit, voltage deviates from the OCV due to
activation, ohmic, and concentration overpotentials/polarizations (Eq. 6) &4,
Overpotentials partially occur as a result of physical, chemical, and electrochemical
reactions in the cell components; the rest of the potential loss is caused by degradation
mechanisms, which can be reduced or controlled by varying the cell’s operating parameters
5.
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V(t) =E - (Zk nohm,k(t) + nact,an(t) + nact,ca(t) + ncon,an(t) + ncon,ca(t)) (6)

where nonm 1S the ohmic losses from electronic and ionic resistances in or between cell
compartments (k = anode, cathode, electrolyte, and interconnect), 7,ct.an aNd Naceca are the
activation overpotentials that are needed to overcome energy barriers of electrochemical
reactions in the anode and cathode respectively, and 7¢on,an aNd Nconca are concentration
overpotentials due to the spatial gradient of gases concentration in the anode and cathode,
respectively. Overpotentials are caused due to inevitable losses and system degradation
mechanisms. Conventional thermodynamic equations for overpotentials only account for
inevitable losses. To consider system losses, relative models of degradation mechanism

should be implemented into/added to thermodynamic equations. Fig. 2 shows an outline of

the prediction model for long-term performance of SOFCs in the current study.

Fig. 2. Outline of the SOFC long-term performance model in the present study.
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For some of the degradation mechanisms, different models have been presented in the
literature. In this work, in order to find the best model for each phenomenon, the models
were validated against experimental data. Those that showed the best agreement with

experiments were used in the current model and reported in the following sections.
2.1. Ohmic polarization

Ohmic overpotential is the result of ionic and electronic resistances within or between

components. Ohmic losses in different components can be calculated via Ohm’s Law 8%,

Lic Lec Lac (7)

y Lz 0ic (1+ncp)Lle Ly gjc (A+ncp)le Ly 04c

Nohm,ic = I (L

L
=] ele 8
Nohm,ele ( Ly L, Gele () ) ( )

( AOpt,l(t)_Ly LZ ) Llopt,l Ll_LIOpt,l ) (9)

=]
Nohm,] ( 2 Aopt(8) Ly L, (1- 9T le (£) Ly L, (1-1.8¢)) 0;(t)

| = anode, cathode

Where [ is the working current (A), L is the thickness (m), n.y, is the number of channels
on electrode, o; is the conductivity of component [ (! m?), and Aope, I8 the area of active

TPB regions, which can be expressed as:

Agpey (8) = (1 + zLD—le) L, L, (10)
D,
In Eq. 10 L'opt is the active TPB region thickness (m), and D,, is the average pore diameter

(m). It can be assumed that cathode has parallel pores with average diameters that do not
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change over time, as cathodes are made from ceramic material that features high stability

under oxidizing conditions (Eq. 11) %,

Dyca = Dw,a ®ca/(1 = @ca) (11)

D,, ca 1S Width of a corrugation in the cathode structure and ¢, is the cathode porosity.

However, a more accurate model is required to capture the changes in the average diameter
of anode pores that take place over time due to the oxidation and coarsening of Ni particles.
Eq. 12 can be used to calculate anode pore size, as it accounts for the volume fraction and

size of nickel particles that change over time 34,
Dy an(t) = Dysz eysz(t) + Dyi(t) eni(t) (12)

D; is the average diameter of phase j particles (m), and &; is the volume fraction of phase j

7

2.1.1. Nickel coarsening and Nickel oxidation

The size and number of Ni particles, as well as the volume fraction of solid phases in the
Ni-cermet anode, change due to the agglomeration and oxidation of the Ni particles. Gao
et al. developed a theoretical model for Ni coarsening *°, which showed that Ni particles
initially show a rapid growth rate, but that this growth rate slows with time. The presence
of YSZ in the anode microstructure prevents the extreme growth of Ni particles; thus, Ni
particles reach a maximum radius in the composite microstructure 42, This theoretical model

has a fitting parameter (£) for minor adjustments whose value has a small impact on the
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final results. The model was fitted to Tanasini et al’s experimental data ** and showed a

good agreement with their data.

5 _ 5.t _
M WD — exp( 1) (13)

rl\sli,max_ ™Ni,0 "Nimax~ "Ni,0
TNimax and C are given as follows,

Eni (1) Zo (14 382) + (1+ p)3. 1/3
rNi,max (t) = ( = > (1+ ﬁ)3 ) rNi,O (14)

_ Y238 B 5=  Eni(®)
C - DS 2 kBT (1 _ ﬁZ) (1+ ﬁz )05 (1+ B)3 ZO ENi(t) + ENi(t) (15)
TNio  TYSZ

where kg is the Boltzmann constant, ry; and ryg; are Ni particle size and radius of YSZ
particles in the Ni-YSZ anode, ry;, is the initial radius of Ni particle, D is the atomic
surface diffusion coefficient, 2 is the volume element, y is the surface energy , § is the
thickness, Z( is the average initial coordination number, and g is the fitting parameter
which is adjusted such that model best fits the experimental data using a minimize sum of
square errors approach. g received the value 0.038 for the anode microstructure tested by

Tanasini et al. [41].

The number of Ni particles after agglomeration (Ny; ) can be calculated using the total

volume of Ni phase 3:
i(®) = i (16)

4 4
Nni(8) 5 m1§i(6) = Nyios T i (17)
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Nic () = (2297 Nyio (18)

Vnio a@nd Nyio are initial volume of Ni phase (m®) and initial number of Ni particles,

respectively.

In addition, Ni can be oxidized with oxygen molecules (Eq. 19) or steam (Eq. 20) through

a thermochemical reaction 2.
Ni+ > 0, © Ni0 (19)
Ni+ H,0 © NiO + H, (20)

In order to calculate number of remaining particles after oxidation, it is necessary to first
calculate the rate of NiO formation. The model developed by Neidhardt et al. can be used

to achieve this task 3144,
Nnio(t) = [ Ryjo dt (21)

Where Ry;o is the rate of NiO formation (mol m= s?) and Ny;q is the number of NiO
particles formed during the oxidation of the anode. Eqgs. 22-26 are used to calculate rate of
NiO formation. The found Eq. for NiO formation then will substitute for Ry;o in Eg. 21 to

quantify number of NiO particles formed in the anode.

a(pi‘si) _
oo - RiMi #2)

p, and M; are the density and molar mass of species i, respectively.
R; = X8 ;A] (23)
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A}’ is the volume-specific surface area of reaction j (m?/m?3).

Aj = f Ag exp (=50 eyjo) (24)
f = 1 — |tanh(10%ey;0) — tanh(10° gy;)| (25)
Where $ij represents the rate of species i production in reaction j (mol m2 s), which can

be evaluated using Eqg. 26.
s = ¢ (ke Moe @ — ke Mm@/ 26
Si Cl( f H]eRfaj r l_[]eRraj ) ( )

In this equation, kr and k, represent the forward and backward rate constants, with c; as
the stoichiometric coefficient of species i, and ¢’; and ¢”; as the stoichiometric coefficients

of species i in forward and backward reactions, respectively.

Eq. 27 shows the number particles remaining after coarsening and oxidation.

Nyi(t) = Nyic () — Nyio(t) (27)
2.1.2. Electrical conductivity of anode

Microstructural changes in the anode due to Ni agglomeration and oxidation result in the
degradation of TPB density and electrical conductivity. The anode has a percolated network
that consists of YSZ and Ni phases. Percolation theory can be used to calculate the TPB

density and electrical conductivity of the percolated network %334°:
A(t) = KqNyi(t) X 4m () (28)

A(t) is the active surface area of the catalyst layer in the anode.
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Prt) _ A® (29)
Pr¢ AO

Pr and Pr, are site occupation probability and site occupation at the percolation threshold,

respectively.

The electrical conductivity of an anode drops rapidly during the first hours of operation,
but levels off later. Deterioration in anode conductivity is correlated to the coarsening of

Ni particles 3346,

Pr(t)—P i(t)
oni(t) = fr 09,an ( Tl _PrCrC)l.B = (30)

Ts
Where g, represents bulk conductivity, with z as surface tortuosity and £, as the ratio of
the resistance of a continuous film to the resistance of a sintered film (Ij:ﬂ), which is a
eff

function of the particles’ overlap angle (almost 0.575 at angle 15°) 3. Among the few
models that were proposed for the anode electrical conductivity in the literature, we found
this model to best agree with the experimental data by Klemenso et al. 4" with an R? of
0.947. In addition, the calculated site occupation probability in this work, showed an R? of
0.99 with the Klemenso et al.’s data *’. The validation results are shown in the Supporting

Information.
2.1.3. Electrolyte conductivity

Research has shown an exponential drop in the ionic conductivity of the YSZ electrolytes,

which has been modeled by Coors et al. as follows 2°:

a(t) = (0; — o) exp(=t/7) + 0; (31)
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In Eq. 31, g; is the initial or maximum ionic conductivity of the electrolytes, while o

represents their final conductivity and  is the relaxation time.
2.2. Activation polarization

Activation polarization, which is defined as an overpotential above equilibrium, takes place
in order to overcome the activation energy barrier that limits the electrochemical reaction
in the fuel cell that generates current “8. The following equation, which is obtained by
solving the Butler-Volmer equation, is used to quantify the activation overpotential of an
SOFC 2?°. The length of the TPB regions plays an important role in activation overpotential,
as less activation overpotential is required to produce a specific current when larger active
regions are available . In following equation, the effect of TPB density on activation

polarization is embedded in the exchange current density, i,.

RT . 4 _1,1(t)
Macty = — sinh™' (3.=) (32)

Zio‘l

Where a is the charge transfer coefficient and equals 0.5, and n is the number of electrons
transferred in the reaction and takes the value of 2 for the anodic reaction and 4 for the
cathodic reaction. The term iy, represents the exchange current density (A m), and can be

calculated for the cathode and anode using Eqgs. 33 and 34, respectively *°.

. p EaC ,ca

loca = Vca(P:)er)O'ZS exp(— R;" ) (33)
. P P EaC an

loan = yan(P::f)( Pl:;)) exp(— R; ) (34)

The working current density of the electrodes can be expressed as 2°:

40



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

i(t) = —— (35)

7
Aopt,l(t)

Where y, is the pre-exponential factor (A m?), E,, is the activation energy of the electrode

(kJ molY), and P, is the reference pressure, which is set to the atmospheric pressure.
2.3. Concentration polarization

Concentration overpotential takes place when the concentration of the gaseous reactants at
reaction sites is lower than the bulk concentration. In fact, a spatial concentration gradient
is produced when the rate of consumption of a reactant is higher than the rate of diffusion,
which leads to fuel cell voltage degradation. In open-circuit condition, the concentration of
gaseous species in the pores of the electrodes is the same as bulk concentration; however,
spatial variation in concentration evolves with current flow, with higher currents resulting
in larger concentration gradients °. The following model is used to evaluate concentration
overpotential in the electrodes of SOFCs. The TPB is considered as the electrochemical
active region in which fuel cell reactions take place. H2 and H2O are on the anode side, and

0O, and N are on the cathode side 8.

_ E Po,

ncon,ca - nF ln (POZ,TPB(t)) (36)
_ RT . PuyorpB (t) PH,

ncon,an - nF PHz,TPB(t) PHzO) (37)

The partial pressures of gaseous species at the TPB is a function of effective diffusivity at
the electrode. Neglecting external diffusion, the partial pressures of gases at the TPB

regions are given by 82:
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RT Lan I
nF LyLy Deff,an(t)

Py, tpe(T) = Py, —

RT Loy I
NF Ly Lz Deffan(t)

Py,0,1pe(T) = Py,0 +

_ RT Leg |
Po,1B(t) = Pair = (Pair = Po,) exp (n Fiy L, Detrea(d Pair)

P P
Defean(t) = (Pi:) Dy, 0,e(t) + ( 20) Dy, efe(t)

Detca () = DOZ,eff(t)

Where Dy, is the effective diffusivity of the electrode (m? s™).

(38)

(39)

(40)

(41)

(42)

Depending on the mean size of the pores and the mean free path of the gas molecules,

Knudsen or binary diffusion can take place in porous structures. Binary diffusion occurs

when gas molecules diffuse through pores that are larger than the mean free path of gas

particles, while Knudsen diffusion occurs when the pores are smaller than the mean free

path of the molecules °.

The effective diffusion of gases in the porous electrodes of SOFCs is generally considered

as a combination of Knudsen (D; ) and binary diffusion (D;_;) to account for different

porous structures 7,

_ ®Pan 1 ! -1
DHz,eff(t) T an (DHz_Hzo + DHZ,K(t))

Pan 1 L -1
D t) = = T
Hzo,eff( ) Tan “DH,-H,0 DHZO,K(t))

1 1

= Pca -
Doz,eff(t) T T Do,-n, + Doz,K(t))

42
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Chapman et al. ®, Arnold %2, Gilliland %3, and Fuller et al. °* have all developed different
empirical models for binary gas diffusion. However, Fuller et al.’s semi-empirical method

provides the best agreement with experimental results. Their model is expressed as follows
54.

0.00143 T175

Di—j = T T (46)

P MY [(EW)F +E)3)?

T and P are the temperature and total pressure of the gas stream, respectively, while v; is
the diffusion volume of species i (vy, = 6.12, vy,o = 13.1, vo, =16.3 and vy, = 18.5). M;;
is defined as,

1

1
Mij =20+ 17 (47)

Where M; is the molecular weight of species i in kg/mol.
Knudsen diffusion can be calculated using following equation:

Dy () = 485 Dy ()G (48)

2.4. Sulfur Poisoning

Sulfur poisoning takes place when fuel containing H»S is supplied to the SOFC anode. This
is commonly added as an odorant to hydrocarbon-based fuels, such as natural gas. The
sulfur in the fuel is chemisorbed on the Ni-based anode at the SOFC’s operating conditions,

resulting in the deactivation of the anode’s catalytic behavior 2%, A study by Matsuzaki
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and Yasuda showed that, at 750°C and an H2S concentration as low as 0.05 ppm, anode

electrochemical performance deteriorates dramatically °°.

The key to SOFCs’ fuel flexibility is their ability to convert hydrocarbons at high operating
temperatures. Sulfur poisoning affects hydrocarbon conversion and electrochemical
reactions. Prior findings have shown that, when the fuel stream contains 50 ppm HsS, a
large amount of the CH4 supplied to the anode leaves the cell without being converted .
Different empirical models have been developed using curve-fitting approaches in order to
show how sulfur contamination affects the performance of SOFCs. Alstrup applied a
Temkin-like isotherm to explain sulfur adsorption on the Ni catalyst ®’. While a model
developed by Hansen et al. illustrates a linear relationship between sulfur surface coverage
and a drop in SOFC performance. This model was obtained by fitting the experimental data
obtained by Zha et al. and Cheng et al. for SOFC power loss with regards to surface
coverage 278, Ryan et al. used Zha et al.’s data to construct a damage model that shows
the effects of sulfur poisoning on performance loss over a range of temperatures and H2S

concentrations 2658,

The complex nature of sulfur poisoning is not well understood, as it depends on several
factors, such as temperature, HoS concentration, current density, and steam-to-carbon ratio
353638 Without considering these factors, models are confined to the operating conditions

reported by Zha et al. for Ho-fueled SOFCs.

Studies have illustrated that impact of sulfur compounds on the catalytic activity of the Ni-

based anodes occurs very rapidly that the time dependency of it can be neglected comparing
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to the long lifetime of the SOFCs ?’. In the present work, Hagen et al.’s experimental data
is adapted to enable the model to be capable of simulating changes in SOFC performance
with respect to current density at different H.S concentrations 6. The experimental data
used in this model was obtained from a cell supplied with a fuel stream of 29% CH4, 58%
H20, and 13% H. mixed with various amounts of H>S. This fuel mixture is a good
representative of pre-reformed CHs-containing fuel. Accumulated voltage drop versus H2S
concentration plots were given at 4 different current densities (0, 0.25, 0.5 and 1 A/cm?).
Using the given information at 0, 0.5 and, 1 A/cm?, performance loss was modeled as a
function of H.S concentration and current density.

Thus, the following equations are suggested based on the cell’s behaviour over the studied
range of H2S concentrations and current densities:

AV, = Wy f1(i, Cu,s) + Wa £o(0 Cuys) (49)
where AV is the voltage drop due to sulfur poisoning (V), with i as the current density
(A/cm?) and Cu,s as the HzS concentration in the fuel source (ppm).

When the model was fitted to Zha et al.’s experimental data, the functions of coefficients
A and B were found to be;

f(i, CHZS) = In(Cy,s) (50)
f2(i, Cays) = Yimax(D(1 = A1(D) exp(=42(D) X Cy,s)) (51)
As shown in Figure 3, model replicates the shape of the experimental data by considering
the weighted sum of two different functions with logarithmic or asymptotic behaviour.
Each function has a different weighting at different current densities. The weighting factors,
W, and W,, and other coefficients are given as follows:
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W, = —0.039 i? + 0.009 i + 0.030 (52)
Wo=1-—W, (53)
Ay = 0.827 exp(0.411 i) (54)
A, = 0.064 exp(0.995 i) (55)

SOFC performance declines as H2S concentration increases until a monolayer of sulfur
forms on the Ni-cermet anode. At this point, the anode reaches a saturation point after
which the addition of more H.S no longer significantly inhibits SOFC performance 2’. The
saturation point depends on the current density, with higher current densities resulting in a
greater loss in performance prior to reaching it. Y.« in EQ. 51 corresponds to the maximum
performance loss (V), which is obtained under saturation conditions. Comparing the plots
reported by Hagen et al. *, it can be concluded that saturated performance loss is
exponentially correlated with current density. Eg. 55 had the best agreement with the
experimental data.

Yiax = 6.749 exp (1.559 i) (56)
The values of the coefficients were then calculated at 0.25 A/cm? to predict the accumulated
voltage loss of the same cell obtained by the model (Fig. 3). An R? of 0.976 demonstrates
the model’s ability to predict the decline in SOFC performance due to the sulfur
contamination when H>S enters the cell with a pre-reformed hydrocarbon-based fuel

mixture.
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Fig. 3. Voltage drop due to sulfur poisoning versus H,S concentration at 0.25 A/cm?. The solid
line shows the results of the proposed empirical model, while the circles represent Hagen et al.’s
experimental data .

2.5. Degradation rate evaluation

Very different values have been reported for the degradation rate of conventional SOFCs
in the literature #°°1 There are several causes as to why the values reported for SOFC
degradation rates are very different. Some possible reasons are that the components have
microstructural differences from study to study which could be due to component
composition or structure, cell design, testing condition, or fuel composition. However, one
important cause of these differences is inconsistent definitions of the degradation rate itself.
Egs. 57 and 58 that have been used by Hagen et al. ® and Gemmen et al. 5, respectively

are two examples of degradation rate models in the literature.

ocv-V;

rd(t) = X 1000 (57)
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rd(t) = ——_ % 100 (58)

Vi X(t=t;)

where rd is the degradation rate, with V; as initial voltage in the testing range and V; as
voltage at time t. These equations calculate rd over a long time period using backward
finite differences with large timesteps (at least several hundred hours). The timesteps used
in these equations are inconsistent. Eq. 58 defines degradation rate as voltage percentage
change that happens over a specific time range with respect to the initial voltage of that
range, while Eq. 57 measures degradation rate as absolute change in voltage from OCV
and then normalized to 1000 hours. The unit of rd in Eq. 57 is V/1000h whereas that of
Eq. 58 is %/h. Therefore, not only the differences in cell microstructure and experiment
methodologies but inconsistent definitions make degradation rate values incomparable. To
solve this problem, instantaneous rd should be computed (Eq. 59) instead of using different

approximations of finite differences with inconsistent, large timesteps.

1 dv;

rd©) = - x % (59)

The instantaneous rd is preferable for modeling because models are smooth and noiseless,
and it can be consistently and unambiguously applied everywhere. We note that this
definition cannot be applied directly to experimental data due to the noise involved, but it
can be approximated numerically through a centred finite differences approach with a
relatively short timestep (a few hours), or though a local line fitting approach, depending

on the noise.

2.6. Model Implementation
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The model was implemented in MATLB. In order to calculate cell voltage at specific
operating conditions, ohmic, activation and concentration polarizations should be
calculated and implemented in Eq. 6. Egs. 10-31 were utilized to find the impacts of various
phenomena on ohmic losses in the cell components. These equations were then
incorporated into Egs. 7-9 to quantify ohmic polarization. In this section, ODE45 was used
to compute the rate of nickel oxidation reaction (Eq. 25). Then, Eqgs. 33-35 were substituted
in Eq. 32 to calculated activation polarization in the electrodes. In addition, Eqgs. 38-48 were

implemented in Egs. 36 and 37 to evaluate anode and cathode concentration polarization.

If the fuel contains H.S, voltage drop as a result of sulfur poisoning needs to be added to

the losses in Eq. 6.

3. Results and discussion

3.1. Validation

The model has been validated against some experimental data, which were not used in the
development of the model. Details and results of the model validation are given in the

Supporting Information.

3.2. Sensitivity analysis

A sensitivity analysis was conducted in order to investigate how the degradation rate is
affected by the main control parameters, namely, temperature, current, and partial pressure

of gases. For the sensitivity study, we calculated the average of the instantaneous
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degradation rates over the first 1000 hours of operation, over the second 1000 hours, and

over the third 1000 hours of operation.

It should be noted that sulfur poisoning was not included in the scope of the sensitivity
analysis because sulfur poisoning has a limited impact which is reached very rapidly. As it
was mentioned in section 2.4, sulfur adsorbs on the surface of the anode in a short period
of time. In the presence of H»S, anode reaches a saturation point in almost ten hours and
thus it only affects degradation rates in the beginning of the operation. For this reason, we
performed sensitivity analysis for a sulfur free fuel. This allows us to compare average

degradation rates over the first, the second, and the third 2000 hours of operation.

A conventional SOFC can operate within a temperature range of 600-900°C °2. High
operating temperatures enable SOFCs to be electrochemically active when using
hydrocarbons as fuel, which eliminates the need for expensive platinum-based catalysts ©.
However, running SOFCs at temperatures above 900°C requires the use of expensive
sealants that have high mechanical and chemical stability, as well as compatibility with the
electrode materials. On the other hand, traditional component materials lack sufficient

electrochemical activity at temperatures lower than 600°C.

In this study, current density is changed in the range of 0.2 to 1 A/cm? ®. Although
increasing the current density enables the use of a smaller SOFC at start of operation, which
lowers capital costs, these smaller cells degrade faster, which increases maintenance costs

and results in system instability.
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Moreover, in the present work, it is assumed that fuel is composed of hydrogen and steam.

Partial pressure of hydrogen in the fuel feed is varied from 70% to 90% of the fuel pressure.

The contour plots in Fig. 4-a, 4-d and 4-g show the sensitivity analysis results for the
average degradation rate in the first 1000 hours of operation at 70, 80 and 90 kPa Py,
respectively. As can be seen, current density has the highest impact on the degradation rate,

followed by temperature and hydrogen partial pressure, respectively.

The results over the second 1000 hours of operation (Fig. 4-b, 4-e and 4-h) show that the
effects of the parameters were similar to the first 1000 hours. In other words, the
degradation rate is the most sensitive to current density, with the sensitivity increasing at
higher temperatures. However, degradation rate values are smaller over the second 1000
hours than the first 1000 hours, which is due to the trend of reduced degradation over time.
However, the changes in degradation rate between the second and third 1000s hours of
operation are not very significant. These results demonstrate that the behavior of cells
changes over time, and that cells generally become more stable after approximately 1000

hours of operation.
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Fig. 4. Contour plots—Sensitivity analysis for the average degradation rate: a-c) at 70 kPa Py, for
the first, second and third 1000 hours of operation, respectively; d-f) at 80 kPa P, for the first,
second and third 1000 hours of operation; and g-i) at 90 kPa P, for the first, second and third

1000 hours of operation, respectively.

A histogram plot of the degradation rate for 6000 random samples (using Monte Carlo

random combinations of temperature, hydrogen partial pressure, and current density using

the same ranges shown in Fig. 4) in different time ranges is shown in Fig. 5. As can be

seen, the histograms for all three time ranges exhibit right-skewed behaviour. This

asymmetric distribution shows the lower bound of the degradation rate, which is

represented by the highest peak at the far left side of the histogram. However, the histogram
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maintains its skewed behaviour as it moves to the right, as the peaks and the entire range
of degradation rates gradually become smaller with the passage of time. In addition, the
height of the peak increases significantly with time as the highest peak belongs to the third
1000 hours of operation and the smallest one belongs to the first 1000 hours of operation,

while the height of the tail decreases with time.

This trend is the result of the high degradation rates that occur at the beginning of SOFC
operation; the exception to this trend occurs when the SOFC is operated at a very low
temperature and current density using fuel that is high in Hz. This trend of decreased
deterioration over time means that the highest degradation rate also becomes less frequent
after approximately 1000 hours of operation. Moreover, the value of the lowest rate, also
becomes smaller over longer periods of time. As can be seen in the histogram plot, during
the first 1000 hours cells might degrade up to 40 % / 1000 h when they perform at very
severe conditions, while after 1000 hours of operation, degradation rates are always less

than 20 % / 1000 h.
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Fig. 5. Histogram plots of degradation rate percentage per 1000 hours for the first 2000 hours of
operation; the second 1000 hours of operation; and the third 1000 hours of operation.

Since the focus of this work was to determine how an SOFC’s operating parameters affect
its performance, the sensitivity analysis is critical because it can provide specific

information necessary to determine optimal operating conditions.
3.3. Application of the model to predict long-term SOFC performance

One key goal of this study was to predict the degradation rate of an SOFC over a long
period of operation under different operating conditions. In order to show the variation in
cell voltage over time, a simulation was run at 0.5 A/cm? and 750°C. The model input
parameters, including physical and chemical properties of the modeled SOFCs, are given

in Supporting Information; table S1.

Fig. 6 shows that voltage degradation occurs quickly during the early hours of operation,

but slows after about 1500 hours. Degradation behaviour can be explained by changes in
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the microstructure and properties of the cell components. As discussed in the previous
section, the anode’s microstructure and performance changes rapidly at first, but levels off
later “5. For instance, it was noted that Ni particles show initial rapid growth upon being
exposed to gases under the SOFC’s operating conditions. However, after a while, the YSZ
particles slow this growth. This trend is also observed in TPB length and anode electrical

conductivity, as they too are affected by number and size of Ni particles.

Fig. 6 also illustrates corresponding degradation rate of the cell. The degradation rate of the
SOFC is higher in the beginning of operation and levels off as time passes. This trend
indicates that, while the cells are prone to changes initially, they “mature” after about 1000

hours of operation.
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Fig. 6. Voltage profile over time, and Degradation rate percentage per 1000 hours versus time for
the SOFC running at 750°C and 0.5 A/cm?.
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3.4. Effect of system operation parameters on lifetime power production

Operating parameters highly affect long-term performance of SOFCs. Depending on the
operating conditions, SOFCs that perform better initially might produce less energy
cumulatively over their lifetime. Fig. 7-a shows the lifetime power curves of two SOFCs
that operate at different current densities but using the same fuel composition and
temperature. As can be seen, the SOFC with the larger current density initially generates
more power under the same conditions. However, due to the faster degradation rate
associated with high current densities, the cell with the lower current density ends up
providing superior power generation after about 2000 hours of operation. Comparing the
cumulative energy delivered by the cells shows that after 5760 hours, cell 1 produces more

energy over its lifetime.

Fig. 7-b illustrates how different the lifetime power production plots can be depending on
the operating parameters. Cell 1, which runs at a higher current density and lower
temperature, produces more power initially. However, after about 3000 hours, cell 1°s
power generation falls below that of cell 2, which is run at a lower current density and
higher temperature. In fact, despite its lower operating temperature, cell 1 degrades faster
due to current density’s dominant effect on performance loss. The cumulative energy
delivered over operation time by cell 1 exceeds that of cell 2 after 7918 hours (at 227 kWh).
The difference becomes more significant in longer periods of time as the energy generated
by cell 1 over 12000 hours of operation is 335 kwWh whereas, cell 2 delivers 309 kWh over

the same period of time.
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Fig. 7. a) Power profile over time for SOFCs operating at: a) 0.75 A/cm? and 750°C, and 0.875
Alcm? and 750°C; b) 1.2 A/cm? and 600°C, and 0.6 A/cm? and 700°C.

4. Future work
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A detailed degradation-based system-level optimization is required to determine the
optimal operating conditions for an SOFC in an ICE system. The optimal values will be
highly dependent on the objective function, system level design, goals, constraints, and
expected usage. If system cost is taken as the most important factor in making decisions,
an optimal point will be achieved when the SOFC is able to provide a long lifespan, while
still being limited in size. Applying the proposed model into an optimization framework

will enable the design of a reliable system.

In addition, although the proposed degradation model was validated for 1400 hours of
operation using Hagen et al.’s experimental data, some of the data-driven equations used
in this research were obtained using short-term experiments . Thus, these equations may
not adequately represent the long-term behaviour of SOFCs. As such, more experiments

are required to validate the proposed model’s reliability over longer periods of time.

5. Conclusion

This paper presented a unique, cross-cutting model for long-term performance of
conventional SOFCs that considers most of the common degradation phenomena in
conventional SOFCs, including: coarsening and oxidation of Ni particles in the Ni-cermet
anode; changes in anode pore size; deterioration in anode and electrolyte conductivity; and
sulfur poisoning. By providing realistic results, this model is capable of being used to
answer some important questions regarding the optimal sizing and operation of the cells

for an efficient, stable performance, that previously developed models are not able to

58



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

answer due to too many assumptions made for simplification. The proposed model was
validated against the experimental data that was not considered in developing the model.
As a result, this model can be used to predict performance of SOFCs at various operating
conditions over a long period of time. This allows system designers to find the proper sizing
and operation setting for SOFCs in specific ICEs. This is a critical piece of information that

helps widespread commercialization of conventional SOFCs for ICEs.

The results of the sensitivity analysis can help decision makers to take control actions by
showing how each key parameter impacts SOFCs long-term operation. The results
illustrated that current density affects SOFCs performance significantly, while hydrogen

partial pressure does not have a high impact.

This study resolved the apparent conflict in the literature about whether temperature
positively or negatively affects SOFCs performance degradation. Our investigations
illustrated that all these studies are correct and not actually in contradiction with each other.
Instead, each study examined only specific subsets of possible degradation mechanisms
and looked only at small regions of the parameter space. For example, where high
temperature might cause increasing degradation of one form on one case, high temperature
might actually result in lower degradation of another form in different cases. However,
taking all common degradation phenomena into account holistically as a single model in
the current research gave a sense of the big picture and exhibited that temperature positively
correlates to degradation. In other words, the degradation rate overall increases with

increasing the operating temperature.
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In addition, this work highlighted the inconsistency in the literature with regard to how
degradation is calculated. Instead of using the instantaneous concept of degradation rate,
differing definitions of this metric are utilized across the literature which are essentially
differences in the numerical finite difference approximations used with very long step sizes
due to the noise in the data. This makes very different and incongruous computations of
degradation rate and results in a wide range of values reported for this metric across the
literature. But, with the developed model that starts from the data and utilizes an
instantaneous definition, this problem is resolved and can be applied and interpreted

meaningfully across all studies.
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Abstract

In this paper, an economic analysis is conducted on standalone conventional solid oxide
fuel cells (SOFCs) to determine their optimal economic operating conditions, and to
contribute to the commercialization of this technology. To this end, a mathematical model
that accounts for dominant degradation phenomena is used to predict the long-term
performance of SOFCs. The results of this analysis revealed that, although SOFCs carry
high capital costs, they are able to generate electricity at a similar cost to that of traditional
power generators under optimal operational conditions. Moreover, it is possible to lower
degradation rate of the cells and run SOFCs under these conditions for several years.
Sensitivity analysis showed that capital and fuel costs have the highest impacts on the
levelized cost of electricity (LCOE) of SOFCs, while CO, tax has the smallest. The findings
of this analysis illustrate that performance and operational economics of an SOFC are
dependent on its mode of operation: SOFCs operating in constant-power-generation mode
had the highest LCOE (ranging from 0.131 to 0.409 $/kWh for different lifespans), while
those with varying current densities, voltages, and power output during operation were able

to generate electricity with a very low LCOE (0.12 to 0.357 $/kWh for different lifespans).

Keywords

Solid oxide fuel cell, Performance degradation, Levelized cost of electricity, Levelized cost

of energy, Operating conditions, Operational modes.

1. Introduction
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Solid oxide fuel cells (SOFCs) have emerged as a potential replacement technology for
conventional power generation units due to their high efficiency, low levels of direct
greenhouse gas (GHG) emissions, and fuel flexibility.! However, SOFCs are relatively
expensive and have yet to be commercialized on a large scale. Furthermore, the application
of SOFCs has been limited due to issues with degradation, and, until recently the lack of
an accurate, inclusive model for predicting long-term performance deterioration under
various operating conditions.??® This latter limitation is significant, as understanding how
SOFCs degrade under different conditions can ensure that operators do not operate them

under conditions that are destructive, which can severely diminish their lifespan.*

To overcome the issue of SOFC degradation, there are two main approaches. The first and
most actively studied approach is to improve the performance of the cell compartments by
either developing new materials®>® or modifying the structure of the SOFCs components.”
° This can lead to fundamental improvements in the cells and stack designs, but the
disadvantage is that it requires expensive materials that may only addresses part of the
degradation problem, and it can take time to commercialize. The second approach is to alter
the operation of the cells. By carefully choosing and varying the current, voltage, and/or
power output over time, the long-term degradation rate can dramatically reduce. One
advantage of this is that by changing operational strategies in an optimal fashion, one can
drastically improve the lifetime and economics of existing materials and SOFCs. This paper

focuses on this second approach.

It has been shown repeatedly in the literature that SOFCs degrade very rapidly when

operated with the goal of producing a nearly constant supply of power. #1° Rather, it is
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preferable to vary the operation of the cells such that the power output decreases gradually,
which significantly increases its usable lifetime. From a systems perspective, standalone
SOFCs are therefore not well suited for constant-power applications. Instead, many studies
suggest combining conventional SOFCs with other energy devices such as compressed air
energy storage (CAES), steam turbine, gas turbines (GT), and solid oxide electrolysis cells
(SOEC:s), as these devices can improve overall performance of the system by harvesting
waste heat from the cells. This harvested heat can be utilized for a variety of purposes. For
instance, in an integrated SOFC-GT system, the GT uses captured exhaust heat to produce
extra power. As the SOFC degrades and produces less power over its lifetime, the GT
power increases to compensate, such that the net system power remains essentially constant
over the lifetime of the system. 1112 Al-Khori et al. also studied economical feasibility of
a combined SOFC-photovoltaic (PV) solar panels system for a reliable 24/7 power

generation with low environmental impacts.®

Most economic studies have focused on determining the optimal conditions for these
SOFC-based plants in which SOFCs are integrated with other energy devices as a part of a
larger system.>16 However, these studies have tended to use SOFC models that ignore or
underrate long-term declines in performance of fuel cells, which can produce unrealistic
results. Therefore, while running SOFCs under the operational conditions suggested in
previous research may technically function in practice, it can also produce unexpected high
costs in real systems and lead to premature cell breakdown. For example, Lai et al. recently
performed an eco-techno-economic analysis of an SOFC/GT hybrid system using a

regression model developed by Abreu Sepulveda et al.!” based on experimental data
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collected over 1500 hours of operation. Abreu Sepulveda et al.’s model is based on an
algebraic equation that correlates the degradation rate of the stack to current density,
operating temperature, and fuel utilization. The accuracy of a regression model is limited
to the range of operating conditions under which experimental data was collected. Abreu
Sepulveda et al. used the following experimental data to develop their model: a current
density range of 0.25 to 0.75 mA/cm?; a temperature range of 750 to 850°C; and a fuel
utilization range of 75% to 85%.%" Outside of these specific ranges, Abreu Sepulveda et
al.’s regression model is unable to predict the degradation rate of SOFCs with much
accuracy. Although this work is a good first step, this is an empirical model that does not
capture much of the degradation phenomena, since it simulates degradation of the whole
system as a function of a few parameters without considering details of the various

degradation phenomena.

Our research focuses on the commercialization of conventional SOFCs without the need
for modifying any of the materials or structure of the components. Conventional SOFCs
are composed of dense yttria-stabilized zirconia (YSZ) electrolytes, porous Ni-YSZ cermet
anodes, and porous LaSrMn-oxide (LSM) cathodes. An optimization study that accurately
identifies the optimal sizing and conditions for economical operation of SOFCs is necessary
if this technology is to be commercialized. As such, the present study aims to find the
optimal operating conditions under which conventional standalone SOFCs become
economical power-generation devices, despite their high capital costs. To this end, we
utilize a detailed degradation model, developed in our prior work 3, that accounts for the

major degradation mechanisms in the cells, as this will help ensure that the results of this
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economic analysis are more realistic compared to previous studies. The model developed
in our prior work accounts for following deterioration mechanisms in conventional anode-
supported SOFCs, namely: oxidation and the agglomeration of nickel particles in the anode;
changes in anode pore size; deterioration of electrical conductivity in the anode and YSZ
electrolytes; and sulfur contamination of the anode. 3 The following section provides a

summary of the major parts of this model.

2. Mathematical model for the long-term performance of
conventional anode-supported SOFCs

The mathematical model used in this work was developed and validated in the prior work.?
It is a dynamic model that considers the six largest contributors to long-term degradation:
nickel coarsening, nickel oxidation, anode pore size changes, anode conductivity changes,
electrolyte conductivity changes, and sulfur poisoning. These degradation mechanisms are
related to the operating conditions such as current density, operating temperature, and fuel
pressure, and affect voltage and power output. This model was developed in general form

for natural gas fuels. The model is summarized here for the convenience of the reader. 3

Electrochemical behaviour of SOFCs can be modeled through thermodynamic equations,
a summary of which is given in this section. For more detail, please refer to our previous
work.> SOFCs show the highest voltage, known as the open circuit voltage (OCV), when
there is zero current in the external circuit. However, voltage declines when current is
drawn from the cells. The level of voltage drop depends on several parameters and can vary

over time. Potential losses in SOFCs are known as overpotentials or polarizations, and can
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be divided into three main types, known as: ohmic, activation, and concentration

overpotentials.'8

V(t) = F — (Zk 77ohm,k(t) + nact,an(t) + nact,ca(t) + ncon,an(t) + ncon,ca(t)) (1)

In EQ. 1, Nonm, Nact, @Nd 71¢on are the ohmic, activation, and concentration overpotentials,
respectively, and E is the OCV, which is obtained via the Nernst equation (Eq. 2) as

follows,

b 1/2
E=E + In (M) )

PH20

Where E° is the OCV of the fuel cell at standard condition, n is the number of moles
equivalent to the electrons transferred during the electrochemical reaction per one mole of

reactants, and F represents the Faraday constant.

Thermodynamic equations (Eq. 3-5, 11, 15, and 16) can be used to explain the aspects of
the polarizations that are known as inevitable voltage drops, and caused by some chemical,
physical, and electrochemical reactions in the fuel cell; the remaining losses occur due to
phenomena related to system degradation. The model, developed in the prior work,
integrates models of system degradation phenomena into the conventional thermodynamic
equations in order to account for both inevitable overpotentials and system degradation
processes. The general form of thermodynamic equations and models of system
degradation mechanisms are given in the following. The reader is referred to our previous

paper for more details and discussion. * Voltage losses due to ohmic polarization were
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computed using Egs. 3-5, losses due to activation polarization were calculated using Eq.

11, and losses due to concentration polarization were determined via Egs. 15 and 16.

2.1.0hmic polarization

The ohmic polarization of the SOFC compartments is computed using Ohm’s law. %2

Lic Lec Lac (3)

Nohm,ic = I(
LyL,0jc (1+ncp)Lle Ly gjc (A+ncp)le Ly 04c

L
=] ele 4
Nohm,ele ( Ly Ly Ol (t) ) ( )

( ( Aopt,l(t)_Ly Lz ) L’opt,l Ll_L,opt,l ) (5)
2 Aopti(t) Ly, L, (1= @pogle (1) Ly L, (1-1.8¢)) g (t)

Nohm, = |

where [ represents the operating current measured, L is the length or thickness, ng,
represents the number of channels, o is the electrical conductivity, A, denotes the area
of the regions where electrochemical reactions take place. Additionally, subscript [ denotes
the electrode (anode, cathode), ele is the electrolyte, and ic, fc, and ac denote interconnect,

fuel channel, and air channel, respectively.

Aopt, 1s @ function of the electrode pore size, and it changes during the operation of the

SOFC.

_ L’opt,l
Aopua (0 = (1+2524) 1, 1, (6)

L'opt is the thickness of the triple phase boundary (TPB). Knowing the size and number of

particles, this parameter can be calculated using percolation theory.® Wen et al. found its

optimal values by some trade-offs between all the polarizations of SOFC.??! D,, is the
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average size of the electrode pores, which can be calculated using the following equation

for the anode.?
Dp an(t) = Dysz eysz(t) + Dyi(t) eni(t) (7)

During the operation of an SOFC, the average size (Dy;) and hence volume fraction (ey;)
of Ni particles vary as a result of agglomeration and oxidation. We used the model
developed by Gao et al. 23 and Neidhardt et al.’s model?* to account for the agglomeration
and oxidation of Ni particles, respectively. The reader is referred to the literature for more

details. 3

Degradation of anode conductivity can be quantified by the percolation theory. 252

Pr(t) — Pr, eni(®)
oni(t) = fr 00,an ( 1-Pre C)1'3 N‘rs (8)

f = om ©)

Reff

where oy ., is the electrical conductivity of the bulk material, t4 represents the tortuosity
of the porous anode, Pr is the probability of site occupancy, and Pr, is the occupancy at
the threshold of site percolation while f,. has a value of 0.575 for the anode of an SOFC
with a 15° overlap angle between particles. In Eq. 9, Ry, IS the ohmic resistance of a thin
layer with continuous structure and R is the ohmic resistance of a sintered layer, For more

details of these equations, please refer to the literature. *

Eg. 10 was presented by Coors et al. to calculate degradation of the electrolyte

conductivity.?’
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a(t) = (0; — o) exp(=t/7) + 0; (10)

Where o; and oy represent the conductivity of the YSZ electrolyte before and after

deterioration, respectively, and 7 represents the time of relaxation of electrons (5).
2.2.Activation polarization

Activation polarization is quantified by the Butler-Volmer equation,

RT . 1 _q (0
Macty = — sinh™ (3=) (11)

2l0‘l

In the activation polarization calculation o is a coefficient for electron transfer in the
electrochemical reactions, and i; and iy ; are the working and exchange current densities of

the electrode, [, respectively.

L(t) = optl(t) (12)
foca = Vea(G2 O2)" 25 exp(— —ke2) (13)
iO,an = an( )( PHZ?) €x p( aCtan) (14)

Yan and y,, are the pre-exponential constants for the anode and cathode, respectively, the

activation energy is denoted as E, ., Prer and P; represent the reference pressure and partial

pressure of the species, i, respectively.?829

2.3.Concentration polarization
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The following equations are used to quantify the concentration overpotentials of the

cathode and anode.*®

RT Po

— 2
ncon,ca - nF ]'n (POZ,TPB(t)) (15)
_ RT . PuyorpB (t) PHy
ncon,an - nF ln(PHz,TPB(t) PHzO) (16)

In the concentration polarization calculation, P; tpg is the partial pressure of molecules, i at

TPB region. This can be expressed as follows: %%

RT Lan |

Py, tee(t) = Py, — WLy L Deran(® (7)
RT Lay I
Py,0,1pe(t) = Py,0 + nFL, L, ;effan(t) (18)
RT Lqg 1
Po,1pB(t) = Pair = (Pair — Po,) exp (n Fiy L, Do (O Pair) (19)

Dege; Which is known as the effective gas-phase diffusivity or diffusion coefficient; is

obtained via,

Py PH,0
Degfan(t) = (P—:) Dy, 0,ete(t) + ( sz

) Dy, ef:(t) (20)

Degeca(t) = Do, efe(t) (21)

D; o denotes the effective diffusion of the gaseous molecules, i, through the pores of the

electrodes structure, and can be expressed as follows,

an 1 1 _
Dy, efe(t) = 222 ( + )™ (22)

an DH,-H,0  Du,x(®)
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Dy, 0,ee(t) = 220 (— 21—y —2 )71 (23)

Tan DH,-H,0 Dy, 0k (t)

ca 1 1 _
Do, efe(t) = 22 + )7t (24)

Tca Do,-N,  Do,xk(t)

where D; i and D;_; are Knudsen and binary diffusion, respectively. 3 %

2.4.Sulfur poisoning

Hydrogen sulfide (H2S) is commonly used in odorless hydrocarbon fuel sources as an
odorant for safety reasons. However, the interaction between the anode and this compound
results in the adsorption of sulfur to the surface of anode, which in turn deteriorates an Ni-
YSZ anode’s ability to enable electrochemical reactions and the internal reformation of
hydrocarbons.®>*® We utilized Hagen et al.’s experimental data to construct a regression
model for sulfur contamination of a SOFC supplied with hydrocarbon fuel.®® Voltage loss
was used as an indication of sulfur poisoning. Voltage drops are a function of H.S
concentrations in the fuel stream and current density. Final equations are listed below. For

the details of deriving these equations please refer to the prior work.?
AV = Wy In(Ch,s) + Wa Yinax (D) (1 — A1 (D) exp(—A2(0) X Cy,s)) (25)

In Eq. 25, AV} is the potential loss due to sulfur adsorption on the anode surface, i is the

cell’s current density, and Cy,s is the concentration of hydrogen sulfide in the fuel stream.

Wy, W, Ymax, A1, and A, are computed via Egs. 26-30 as follows:
W; = —0.039i%? + 0.009 i + 0.030 (26)

WZ = 1 - W]_ (27)
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A, = 0.827 exp(0.411 i) (28)
A, = 0.064 exp(0.995 i) (29)
Ymax = 6.749 exp (1.559 1) (30)

This model was not only tested using Hagen et al.’s experimental data, but it was also
validated against third-party experimental data obtained by Papurello et al.**** Using these
data sets, the model predicted potential drop due to sulfur contamination with an R? of 0.85.
This result indicates that the constructed model is capable of accurately projecting potential

loss in sulfur-contaminated SOFCs supplied with hydrocarbon fuels.®
2.5.Validation

The reliability of the simulation outputs was validated in our previous study, using data
from Hagen et al. that was not utilized in construction of the SOFC model.>*° The proposed
model predicted performance deterioration of SOFCs with a high level of precision (with

an R? of 0.934 over 1400 hours of cell operation).
2.6.Catastrophic failure

It should be noted that the model does not account for catastrophic mechanical failures,
such as delamination and cracking. Catastrophic failure of solid oxide cells depends on
their operating conditions. There is still lack of adequate knowledge of how long SOFCs
can be run under various operating conditions until a catastrophic failure occur. Models
that can predict catastrophic failure would be an important subject for future work but are

difficult to obtain experimentally.
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3. Power Plant Simulations
The above-described degradation-based model was used to perform an economic analysis
of standalone SOFCs. To the best of the authors’ knowledge, this is the first economic

analysis of SOFCs to use such a detailed degradation-based model.

In this economic assessment, LCOE was selected as the measure of the cost of electricity
produced by an SOFC over its lifetime. As noted above, the SOFC model used in this study
accounts for the dominant deterioration phenomena in SOFCs and is highly accurate in
predicting performance of SOFCs under various operating conditions. This is the key
difference between this research and previous economic studies, as degradation rate greatly
affects cost and performance of the cells. Since previous economic studies have routinely
ignored or underestimated the degradation rate, the calculated costs and lifetime under the
operating conditions reported in these works will likely be inaccurate and of little help in

commercializing real SOFCs.

In this study, the plant is assumed to have a lifetime of 20 years, while the SOFCs are

assumed to have a lifetime of less than 20 years, as described in the next paragraph.

SOFC lifetime is arbitrary, as there is not a unique definition for the end of life of SOFCs
in the literature. In general, as long as there has not been a catastrophic failure, one can
decide the SOFC is at its end of life based on case-specific criteria. In this work, SOFC
lifespan is an independent variable, taken as a parameter in the optimization, rather than a
decision variable. So-called SOFC lifetime in this problem is our intended cell replacement

schedule. SOFCs should meet an average power-generation constraint over this operational
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lifetime. For example, a 5-year SOFC lifetime means that over the 20 years lifetime of the
power plant, SOFCs should be replaced with identical cells every 5 years. The brand-new
cells have the same size as the previous cells and should deliver the same initial
performance. Recent studies aim to assess performance of SOFCs over 15 years of
operation under fuel cell, electrolysis, or reversible mode.®® A recent study on long-term
performance of conventional solid oxide cells, reported a catastrophic failure in the 15th
years of cells operation in the electrolysis mode with similar operating current density and
temperature as the fuel cell mode.*® As such, we estimate that maximum lifetime of cells
cannot exceed 14 years and decided to solve the problem for various replacement schedules
(lifetimes) from 1 to 14 years. Catastrophic breaks of solid oxide cells depend on operating
conditions. Even though one study showed that cells can operate 15 years before they are
catastrophically broken, there is still a lack of adequate knowledge of how long SOFCs can

be run under various operating conditions until a catastrophic failure occurs.

We employ the General Algebraic Modeling System (GAMS) to formulate and solve
an optimization problem, namely, to find the conditions best suited to minimizing LCOE
(Eg. 32) and the effects of various parameters on the cost of electricity. To this end, we
utilized BARON, which is a solver for the global solution of non-linear programs (NLP) in

GAMS.

A mathematical description of the base case optimization problem is provided as follows.
The problem definition is given for a 6-year replacement schedule as an example, where
SOFCs are replaced with same size, brand-new cells, every six years. Instead of solving

the problem over the entire 20-year life of the plant, we find the size and performance of
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the cells, and system’s expenses for the first six years of operation, then we use some

additional constraints to calculate the total expenses over 20 years of plant’s life.
The LCOE calculations used in this work are detailed below.

min LCOE (31)

T,ij,Am

The LCOE of the standalone SOFCs was calculated using Eq.32.

(32)

CCy +NOy + Fcy>

LCOE = zgﬂ(%
Zy=1 Gy

where CC,, NO,, and FC,, are the capital costs, non-fuel operating and maintenance costs,
and fuel costs, respectively; P, is the total power produced in year y; r is the discount
interest rate (10%),%” which indicates the time value of money; and N is the lifetime of the

plant (20 years).

Egs. 33-42 are used for 1 < y < 6; As shown in Eq. 31, current density as a function of
time (taken in constant increments lasting 5 days each), spatially-averaged SOFC operating

temperature, and membrane area are decision variables.

973 < T <1073 (K) (33)
0<ij < 2(= (34)

where j represents the timestep index (each timestep lasts for 120 hours, with 73 timesteps
per year), and i; is the current density in the jth timestep. Eqs. 33 and 34 show the normally

accepted ranges of current density and temperature. 384!
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As noted earlier, current density has significant impact on degradation of the cells. In
addition, changes to current density require very accurate monitoring of the fuel flow.
Therefore, abrupt or high-scale changes to the current density might not be practical or safe
for the long-term operation of SOFCs. As such, we decided to keep the current constant for
each time period (5 days), and then constrained it to change no more than +10% of that

figure for the next 5-day period (Eqg. 35).
Vi=E— f(T,i) (36)

where V;

/; is cell voltage in the jth timestep, E is the OCV, and f(T, i;) is the total

polarization computed as sum of equations 3-5, 11, 15, and 16 in the previous section.
Pi=V; xXi; XAy (37)
where P; is the power output in the jth timestep, and A4,,, is the membrane area.

Zg:f Py, X 96.5% (DC to AC inversion efficiency)

= 550 MW (AC) (38)

6 X 8760

The SOFCs in the base case are constrained to generate an average of 550 MW of electricity
(AC) over their lifespan; it is assumed that the 96.5% of the DC power output from the
SOFCs will be converted to AC power. This constraint (Eq. 38) allows us to have a

consistent basis of comparison, such that all plants provide essentially the same service.
Capital expenses and Non-fuel operating cost are computed as follows.

CC, = A, x SOFC capital cost x (14 d)¥™* (39)
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NO, = A,, X non — fuel operating cost x (1 + d)¥~! (40)

where the value of SOFC capital cost and non — fuel operating cost are given in $/cm?, d
is the annual inflation rate and it is assumed that the costs inflate at an annual rate of 2.8%

(0.038% per 120-hour). The capital costs are paid in the first year of a cell’s operation.

_ do .
FC, = Zj.=(3;:17)3x 7341 Muel,j X HHVger X costof Fuel X (1 + g)(f) (41)

Nfyel,j = f(Am, ij) (42)

The value of cost of Fuel is in $/Glunv, npye j is the fuel consumed over the jth time
interval. Fuel consumption changes with the current density (please see Aguiar et al.’s
work?® for details of Eq. 42) and thus its value varies for each timestep. The fuel expenses
use an equivalent 0.038 % inflation rate per timestep in order to model gradual cost
increases over time, rather than discrete annual increases. The values of SOFC capital cost,
non — fuel operating cost, and cost of Fuel are provided in the last paragraph of this

section.
The following are additional constraints for replacement cells (for y > 6);
Py =Py_¢ (43)

This constraint is used to ensure that the replacement cells provide the same service as the
previous cells. In other words, this equation ensures that the total power produced by
replacement cells in year y is equal to the total power produced by the previous cells in

year y — 6.
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CC, = CCy_g X (1 + d)° (44)
NO, = NO,_¢ X (1 + d)® (45)
FCy = FCy_g X (1+2)7 (46)

When lifespan of the cells is not an integer multiple of 20-year life of plant, the capital cost
for the last operating interval is a fraction of the capital cost for a full operating interval.
This fraction is calculated as the length of the last operating interval to the lifetime of the
cells. For 6-year SOFCs, the last operating interval is 2 years (19 < y < 20), and thus the

capital expenses are computed as follows.

CCy =2 X CCyg X (1+d)° (47)

The power delivered and fuel costs in 19 < y < 20 are obtained from Eqgs. 43 and 46,
respectively. Meaning that they are calculated as the power delivered and cost of fuel
consumed in the initial years of operating the cells. Unlike capital and non-fuel operating
costs that only depend on the size of the cells, fuel cost and power output depend on the
performance of the cells, and thus they should be calculated over the same operating years.
The figure provided by the U.S. Department of Energy (U.S. DOE) were used as the
standard costs in this study,*? with capital and non — fuel operating costs being expressed
in $/kW. Based on the size of the SOFCs in DOE report, we converted the capital cost into
$/cm?. The capital cost of the SOFCs was determined to be $0.58/cm? when waste heat is
not recovered from the cells, while the non-fuel operating costs were calculated as 0.011

$/cm?. In fact, a price of almost 2000 $/kW-installed for conventional SOFCs with a
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nominal power density of 0.28 W/cm? was reported by U.S. DOE. The $/kW metric is
based on the assumption that SOFCs will be operated in a particular mode, where they
generate a constant amount of power over their operational time. However, we are
conducting a more general study, trying to assess economics of SOFCs in various power
generation modes. As such, we need to express costs in more tangible terms without these
assumptions. Furthermore, using the $/cm? metric will allow decision makers to find the
operational modes, operating parameters, and sizing of the cells such that they best suit the
limitations on availability and cost of the land in their regions. It is noteworthy that the
abovementioned costs account for all the stack manufacturing and assembly, fuel and air
supply components (sulfur sorption reactor, preheater, filter, and blower), power electronic,
control, and instrumentation components such as sensors, DC/AC inverter, etc. (Figure 1).
The costs of heat recovery system are not included in the base case costs. We assumed that
the SOFCs were fueled with natural gas (NG) at a cost of 7.78 $/GJnnv, which is the price
of NG in California, 2016. Even though, NG price in California is higher than the average
price in the U.S., it was selected for more conservative cost assessment*?, and because
SOFCs are more likely to be implemented in regions with high fuel costs. All costs are
expressed in 2016 U.S. dollars. While the U.S. DOE has computed the capital and operating
costs for 100-kW and 250-kW SOFC stacks, this study uses the values for the 100-kW
stack. Although the 100-kW stack has slightly higher capital costs due to its smaller size,
it was selected because it would enable cells to be monitored, maintained, repaired, or

replaced much more easily, and also serves as the more conservative estimate.
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Figure 1. An outline of SOFC system.
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The base case uses the costs reported by the U.S. DOE and ignores the CO> tax. NG fed to

the SOFC contains 95% CHa. 43

Table 1. shows the costs used in the base case.

Table 1. system’s unit costs in the base case

Capital cost

0.58
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Non-fuel operating cost | 0.011 $/cm?
Fuel cost 7.78 $/GIHnv
CO tax 0 $/tonne CO;

4. Results and Discussion

4.1.Base case optimization

As noted in previous section, the base case was optimized for various SOFC lifespans (1 to
14 years). Figure 2 illustrates the minimum LCOEs of SOFCs with various lifespans. Due
to their relatively high capital costs, the cost of generating electricity decreases as the
lifespan of SOFCs increases. For example, the LCOE drops markedly (55%) when the
lifespan of the SOFC is extended from 1 year to 5 years, and by an additional 25% when it

is extended from 5 to 14 years.

One important result of this analysis is that it helps system designers to select a target
replacement rate based on experiential knowledge of the catastrophic failure of the cells

with respect to operating time; and to run the cells accordingly.
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Figure 2. Minimum LCOEs of base case SOFCs at various lifespans

The results showed that it is always best for SOFCs to be operated at the lower bound
(750°C). The reason is that degradation rate increases with increasing the temperature.
The optimal average current densities, average voltages, and membrane areas used in
the base case SOFCs are shown in Figs. 3a-c. In our previous work, we showed that
current density has the highest impact on long-term performance of the cells and that
SOFCs tended to degrade faster when they were operated at higher current densities.
Therefore, SOFCs should be operated at lower current densities, as doing so will extend
their lifespan. However, in order to meet the power constraint, cells with lower average
current densities require higher voltages and larger membrane areas which leads to

higher capital costs.
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Figure 3. Optimal values of (a) membrane area, (b) average voltage, and (c) average current
density of the base case for different operational times.

Figure 4a, b illustrates trajectories of optimal current density and voltage for different
replacement schedules of 1, 2, 5, and 10 years. In the optimal operation of the base case
SOFC, current density decreases rapidly within the first months of operation, but it
shows small changes after the first year. Moreover, even though current density has an
upper bound of 2 A/cm?, it can be seen from the optimal trajectories that the highest
current density reaches is 0.828 A/cm? for SOFCs with 1-year lifetime. This is only for

a brief period of time, and then it decreases substantially.

95



Ph.D. Thesis - Mina Naeini McMaster University — Chemical
Engineering

Activation polarization is the major source of voltage loss at lower current densities,
while ohmic and concentration polarizations are dominant at higher current densities.
Therefore, optimal trajectories in this study suggest that concentration and ohmic
polarizations are dominating initially, however later with decreasing the current density
activation polarization becomes more important. Additionally, it should be noted that
system degradation mechanisms such as Ni coarsening and oxidation, and anode and
electrolyte electrical conductivity degradation occur at higher rates initially, but their
rates diminish over time. Moreover, comparing optimal trajectories of SOFCs with
different lifetimes show that the key to lower degradation rate of SOFCs and extend

their lifetime is operating them at lower current densities.

For more base case results please see the supporting information.
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Figure 4. Profile of a) optimal current density and b) optimal voltage for SOFCs with replacement
schedules of 1, 2, 5, and 10 years, over the lifetime of the plant.

4.2.Sensitivity analysis

Figure 5 shows the effect of various capital cost values on LCOE under similar conditions
as the base case. A wide range of costs have been suggested for the SOFCs equipment by
different manufacturers depending on the size and application of the cells. We studied the
effects of capital cost on the LCOE of SOFCs by varying the capital costs from a low value
to very high values. This was done by solving the optimization problem for a lower capital
cost of 0.29 $/cm?, and two higher capital costs of 1.16 and 3.25 $/cm?, while other
parameters and costs were the same as those of the base case (Table 1). The findings
provide system designers with a rough estimate of their system’s LCOE based on the price
and expected time to catastrophic failure of their SOFCs. As can be seen, capital costs

significantly influence the LCOE, especially at shorter SOFC lifespans where SOFCs
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should be replaced more frequently. For example, reducing the capital costs from $0.58 to
$0.29/cm? and using an SOFC lifespan of 1-year results in a 38% decrease in LCOE; in
contrast, reducing capital costs from $0.58 to $0.29/cm? and using an SOFC lifetime of 5
years will reduce LCOE by 26%. The capital costs associated with SOFCs can be lowered
via mass production, which can in turn significantly reduce the costs of generating
electricity, thus making SOFCs an economical alternative to traditional power generation
units. However, operational lifetime increases resulting from the use of the optimal

operational profiles determined through this study can have just as large an impact.

1.8
6 3.25 $/cm?
1.4
= 1.2
Z
&
& °° 116 $/cm?
— 0.6
04 0.58 $/om?
2 0.29 $/cm?

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
lifespan of SOFCs (years)

Figure 5. Effect of SOFC capital cost on LCOE with an NG price of 7.78 $/GJunv and without
CO; tax. Base case capital cost is 0.58/cm? of membrane area. The NG price for all cases was
7.78 $/Glunv, and the CO, tax was 0 $/tonne.

4.3.Effects of CO2 tax and NG price on the LCOE of SOFCs
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We re-solve the optimization problem for different CO> taxes ($0; the base case, $25, $50,
$100, $150/tonne of CO2 emitted). All other costs and conditions used in these analyses are
the same as the base case (Table 1). As discussed in the introduction, SOFCs offer highly
efficient electricity production with very little CO. emissions. Given these low levels of
GHG emissions, the LCOE of SOFC-generated electricity is largely unaffected by CO>
taxes. As shown in Figures 5 and 6, CO> tax has a much smaller impact on the LCOE of

SOFCs than does capital costs.
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=
2 030 50 S/tonne
= 25 S/tonne
g 0.25 No CO, tax
S

0.20
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0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Lifespan of SOFCs (years)

Figure 6. Effect of CO, tax on LCOE where capital cost = 0.58%/cm? of membrane area and NG
price = 7.78 $/GJunv.

The following surface plots (Figure 7) demonstrate how the LCOE varies in response to
changes in the NG price and CO- tax. These plots were obtained by changing the NG price

from $2 to $10/GJunv and the CO; tax from $0 to $100/tonne, and re-solving the
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optimization problem for each case. Considering wide ranges of NG price and CO> tax in
this analysis, these are useful for estimating the electricity costs of SOFC systems in various
regions. All other costs and conditions are the same as those used in the base case (Table
1). The minimum costs of electricity produced by SOFCs with lifespans of 5, 10, and 14
years were found for various NG prices and CO, taxes within the above-noted ranges. As
can be seen in this figure, LCOE increases with the rise of NG price and CO; tax. Also, a
comparison of three surface plots indicates that with the same NG price and CO; tax,

SOFCs with longer lifetime generate electricity at lower LCOE.
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Figure 7. Surface plot: LCOE for different NG prices and CO; tax values for 5 years operation, 10
years operation, and 14 years operation.

4.4.Effect of waste heat recovery on levelized cost of energy

SOFCs operate at high temperatures and generate a considerable amount of high-quality
heat. Thermal energy can be recovered from the exhaust gases of SOFCs and utilized to
satisfy community heating demands. This feature enhances the economic attractiveness of
SOFCs, as they can still be efficient even after they begin to degrade and produce less

power.
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The levelized cost of energy (LCOEN) is a measure of the cost of electricity and useful heat
produced over a plant’s lifetime. When waste heat is not recovered from the cells, LCOEn
is equal to LCOE. Since thermal energy and electricity have different energy grades, we
used an approach in which we calculate the exergy content of thermal energy and
electricity. For this purpose, a conversion factor of 1 is used for electricity, while Carnot

method is used to calculate conversion factor for thermal energy; as suggested by Rillo et

al * (Eq. 48).
b=1-2 (48)

Where T, is the ambient temperature (293 K), and T is the temperature of the recovered
heat. The heat recovered from SOFCs is multiplied by a conversion factor of 0.19 to

compute the electricity-equivalent energy of the heat recovered at 90°C for hot water

supply.
CCy +NOy +Fy
Y
LCOEn = Z?,Ll (%) (49)
23’:1 @a+ny

Using the costs provided by U.S. DOE for the heat recovery components, such as heaters
and bypass valves (heat recovery system in Figure 1), we computed the capital cost of
SOFCs when combined with waste heat recovery facilities to be 0.64 $/cm?. In order to
evaluate the energy costs of SOFCs, we ran an optimization problem with the objective of
minimizing the LCOEnN for SOFCs with different lifespans. All costs, conditions, and
variables used in this problem were the same as those in Table 1, except for the higher

capital cost accounting for heat recovery. Figure 8 compares the LCOEn of SOFCs with
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and without heat recovery. As can be seen, harvesting waste heat from SOFCs, and utilizing
it to meet the thermal needs of community can reduce energy costs by up to 13%. As it was
shown in Figs. 3, SOFCs with shorter lifespans have higher current densities and lower
voltages, which result in generating larger amounts of heat. As such, harvesting thermal
energy from the SOFCs operating for 1 year, reduces cost of energy by 13%; in contrast,
capturing the waste heat when using SOFCs for 14 years, decreases cost of energy by 10%.
These findings indicate that the optimal use for SOFCs is when combined with a waste heat
recovery system rather than on their own for power generation. This is especially important
when using SOFCs for shorter periods of time. This information is invaluable to efforts to
commercialize SOCFs, as it offers an easy way of reducing energy costs. Moreover, the
ability of CHP systems to efficiently capture and utilize excess heat from the SOFC

minimizes concerns about the large amount of exhaust heat from the cells.
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Figure 8. Levelized cost of energy where NG price = 7.78 $/GJunv, CO;, tax = 0 $/tonne, capital
cost = 0.58/cm? of membrane area without waste heat recovery, and capital cost = 0.64/cm? of
membrane area with waste heat recovery.

4.5.Effects of operational modes of SOFCs on the LCOE

SOFCs can be operated in various modes depending on the needs and constraints of the
system. In this study we compared the economics of four different modes of operation. The

details relating to these operational modes are provided in Table 2.

Table 2. Operational modes

Current density | Voltage | Power
Mode 1 | Variable Variable | Variable
Mode 2 | Constant Variable | Variable
Mode 3 | Variable Constant | Variable
Mode 4 | Variable Variable | Constant

All the results presented in this report so far were obtained from SOFCs operating in Mode
1, wherein current density, voltage, and power are variable (with trajectories chosen by
optimization) and are repeated here for comparison. In Mode 2, the optimization problem
was modified such that the current density is a single decision variable for the entire
operational lifetime of SOFCs, with the remainder of the problem formulation the same.
Mode 3 modifies the original optimization problem is modified such that the voltage is a

single decision variable for the entire operational lifetime of the SOFCs, with the remainder
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of the original problem formulation the same. In Mode 4, the original optimization problem
is modified by removing the constraint specifying the average power output to be 550 MW
(AC) over the specified lifetime (Eq. 38) and replacing with a constraint that the power

output must be 550 MW (AC) at all points in time (Eq. 50).
P; = 550 MW(AC) (50)

This is because SOFCs used in industrial, residential, and research applications are most

commonly run at constant power mode (Mode 4).454

The results are shown in Figure 9. Modes 1, 2, and 3 are very similar, because in Mode 1
and 3, the optimal operation strategies are very similar and after the first few months of
operation, require only small changes in the current density over the cell lifetime (see Fig
10), and so fixing the current density at about the same value has little impact on the overall
performance. The optimization results illustrate that the average current densities drawn
from the cells running in baseload power mode (Mode 4) are lower than in Modes 1, 2 and
3. In this case, larger membrane areas are required to meet the power constraint (Figure
11). The larger membrane areas result in higher capital costs in the baseload mode
comparing to other operational modes. Current density profiles of 5-year SOFCs for the
four operational modes are shown in Figure 10. In Modes 1, 2, and 3, power production
declines over time. Therefore, SOFCs operating in Modes 1, 2, and 3 are unable to function
as standalone power-generation units when a constant production is required or expected.
However, they can still be used within a larger system that delivers constant (or near-

constant) power by being combined with other power-generation technologies such as gas
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turbines or engines that combust anode off-gases, or energy storage options, or by being
connected to the electrical grid. On the other hand, operating SOFCs in baseload power-
generation mode (Mode 4) can provide a constant baseload production where it is
demanded without additional system components. However, when constant baseload is not
required, it is not economically preferable to run SOFCs in constant power mode (Figure

9).
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o
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0.25

LCOE ($/kWh)

o
N
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0.1
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Figure 9. LCOE for different modes of operation where SOFCs capital cost = 0.58/cm? of
membrane area, NG price = 7.78 $/GJunv, and CO2 tax = 0 $/tonne. Note that the LCOEs for
Modes 1 and 3 are virtually indistinguishable. Also, it should be noted that SOFCs in Modes 1, 2,
and 3 generate an average of 550 MW during their lifetime, and SOFCs in Mode 4 run at constant
power output of 550 MW throughout their lifetime.
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Figure 11. Optimal membrane area for SOFCs operated in Mode 4.

This work does not address the question of whether a standalone SOFC operating in Mode
4 (constant power) is more economical than an SOFC operating in Mode 1 combined with
other system elements, such as a GT or combustion engine, such that the system as a whole
produces constant or near-constant power. However, our prior work *° did address this issue
specifically, and found that SOFC/GT hybrids with SOFCs operating in Mode 3 were
significantly better economically than standalone SOFC systems operating in Mode 4.
However, that work used a less robust degradation model that does not capture most of the
phenomena considered in the present study, it did not use optimization to determine optimal
operating trajectories for any of its cases, and it used a coal-based syngas fuel. Therefore,
it would be an interesting subject of future work to revisit the economics of SOFC/GT
systems by considering these robust degradation model used in the present work, by using
optimization to determine the best operating trajectories for all cases, and especially by
allowing the SOFCs in the SOFC/GT system to operate in Mode 1, since the present work

has shown superior performance to Mode 4.

Nomenclature

Aope area of the active

TPB region, m2
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A, membrane area, cm?
b Carnot factor
Cu,s concentration of H2S

in the fuel stream,

ppm

cCy capital costs in year
v, $

d annual inflation rate

Dvsz mean diameter of
YSZ particles, m

Dy; mean diameter of Ni
particles, m

D es¢ effective diffusivity,
m?s?

D;_; binary diffusivity, m?
S-l

Dy Knudsen diffusivity,
m? st

D, pore diameter, m

E open circuit voltage,

\Y

109



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

E ot activation energy, kJ
mol?

Fc, fuel costs in year y, $

F Faraday’s constant, C
mol?

| current, A

i current density, A
cm?

iy exchange current

density, A cm™

current density in the

jth time step, A cm™

L length, m

L reaction region
thickness, m

LCOE Levelized cost of

electricity, $ kwh'

LCOEn Levelized cost of

energy, $ kwh
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n equivalent electron
per mole of reactant,

eqiv. mol*

Nfyel Fuel consumed in the

jth time step, mol

N lifetime of the plant,
year

NO, non-fuel operating
costs in year y, $

P pressure, Pa

P; power produced in
the jth time step, W

Py total power produced
in year y, kWh

Pr site occupation
probability

Qy total heat produced in
year y, KWh

r interest rate

R gas constant, J mol*!
K-l
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T temperature, K

T, ambient temperature,
K

T temperature, K

TPB triple phase boundary

% voltage, V

V; voltage in the jth
time step, V

AV potential loss due to

sulfur poisoning, V

w weighting factor
Greek Symbols
n overpotential loss, V
o electrical conductivity, Q* m*
(0] porosity
T relaxation time
T surface tortuosity
) electrical conductivity, Q' m*
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Vi pre-exponential factor in the

electrode, A m=

a fraction of the reaction heat

produced in the anode

Subscripts and Superscripts

ac air channel

an anode

ca cathode

ch channel

ele electronic

fc fuel channel

ic interconnect

j time step

k anode, cathode, electrolyte
1 anode, cathode
ohm ohmic

act activation

con concentration
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t channel shoulder
X x direction
y y direction
z z direction

Supporting Information

Trajectories of optimal power output, fuel flow rate, and efficiency of SOFCs in base case

(Mode 1) are provided in the supporting information.

5. Conclusion

In this paper, a detailed degradation-based optimization of a standalone conventional SOFC
was performed with the aim of minimizing its levelized cost of electricity by varying the
operational conditions, and without modifying the materials or structure of the SOFCs.
While the literature contains several economic studies of SOFCs, these studies use
simplified models for SOFCs that ignore or underestimate long-term degradation of the
cells. To the best of the authors’ knowledge, the present study is the first economic
optimization to utilize an accurate, detailed prediction model of SOFC performance that

accounts for the dominant degradation phenomena in the cells.

The results showed that by altering the operational conditions and modes, the cost of
electricity/energy generated by SOFCs varies from very high values to lower costs that are
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comparable with the LCOEs of traditional power generators. The very high capital costs of
noncommercial SOFCs have cast SOFCs as an economically untenable option in the near
future. However, the knowledge of long-term performance of SOFCs and effects of
operating conditions on their performance degradation obtained through the detailed
mathematical model for SOFCs enabled us to identify the optimal sizing and operating
conditions at which the use of SOFCs made from existing technology becomes
economically comparable to conventional power generators. In fact, this economic
investigation allowed us to find the optimal conditions at which conventional SOFCs can
be operated economically over a particular period of time, without the need for improving
the design or materials of the cells. The results of optimization study revealed that with
small reductions in the current densities we can expand the lifetime of SOFCs and lower

their LCOE accordingly.

The findings of the sensitivity analysis can be of use to decision makers in different regions,
as they can help them determine whether the use of SOFCs is economically viable based
on the current NG price and CO. tax. This study demonstrated that, under optimal
conditions, using conventional SOFCs in variable output power-generation mode, can be

very economical in regions with low NG prices and low or no CO; tax.

Finally, this study examined the impact of operational modes on the cost of electricity
generated by SOFCs. Although previous studies have mostly run SOFCs in baseload mode,
our research shows that the electricity produced in this mode is the most expensive. This is

a critical finding, as it indicates that is more economical to avoid operating in constant
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power mode and to capture the high-quality exhaust heat from the cells and utilize it for the

heat demands of the community.
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CHAPTER 4: DYNAMIC LIFE CYCLE ASSESSMENT OF
SOLID OXIDE FUEL CELL SYSTEM CONSIDERING LONG-
TERM DEGRADATION EFFECTS

The content of this chapter is a published reprint of the following peer-reviewed
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Naeini, M., Cotton, J.S. and Adams II, T.A.. Dynamic life cycle assessment of solid oxide
fuel cell system considering long-term degradation effects. Energy Conversion and

Management 2022, 255, p.115336.
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Abstract

In this work, we conduct a detailed cradle-to-product lifecycle analysis in order to quantify
the environmental impact of generating electricity using a conventional natural gas-fueled
solid oxide fuel cell (SOFC). In contrast to previous studies, we account for SOFC
degradation using a model previously developed by the authors to simulate deterioration in
performance of SOFC over operating time. Midpoint environmental impacts were
quantified using the ReCiPe 2016 and TRACI 2.1 US-Canada 2008 characterization
methodologies in SimaPro. The resulting global warming potential was higher than those
reported for SOFCs, which are underestimated because they neglect degradation. The
results were compared with the environmental burdens associated with power generation
using two conventional combined heat and power systems (i.e., gas turbines and internal
combustion engines of various capacities), showing that even when accounting for long-
term SOFC degradation impacts, the environmental performance of SOFCs is superior.
This is true even though the analysis used a conservative approach in which SOFC system
waste heat was not utilized. This means that if waste heat was utilized, the next

environmental impact per unit energy produced would be even lower.

Keywords

Lifecycle assessment, Environmental impacts, SOFC, Performance degradation
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1. Introduction
The global demand for energy is anticipated to increase by as much as 25% by 2050.! This
poses a major challenge, as our ever-increasing need for energy has accelerated global
warming and led to numerous other harmful environmental outcomes. Indeed, the
consumption of fossil fuels for energy generation is the single greatest contributor to global
greenhouse gas (GHG) emissions and is responsible for a variety of other harmful
environmental outcomes such as smog and acid rain formation. Concerns about global
warming and its consequences have led many countries to adopt economic incentive
policies to reduce GHG emissions, such as carbon taxes.? However, despite the motivation
of these countries to reduce fossil fuel consumption and to switch to sustainable sources of
energy, global natural gas (NG) use has continued to rise, increasing at an annual rate of

2.6% from 2013 to 2018.3

Thus, there is an urgent need to improve the efficiency of NG-based electricity generation,
and to work towards replacing conventional NG power generation systems with more
environmentally friendly technologies. Among the many NG-based power generation
units, solid oxide fuel cells (SOFCs) are a promising technology for power-only and a
particularly promising technology for combined heat and power (CHP) generation (e.g.,
gas turbines and internal combustion engines), as they offer high efficiency, lower noise
levels, reduced environmental impact, and a large amount of exhaust heat generated via
exothermic electrochemical reactions.*® Unlike internal combustion engines and gas
turbines, SOFC performance is not size dependent; therefore, small- and large-scale SOFCs
can provide the same performance with an equally low environmental burden.® This is one
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of the key strengths that makes SOFCs suitable for various applications ranging from
residential-scale power generators to large-scale ones.” However, the environmental
performance of SOFCs can be affected by cell degradation, which occurs as a result of the

cell’s operating conditions over long periods of time.

The literature contains a number of research studies focusing on the lifecycle environmental
impacts of using different materials and configurations in manufacturing SOFCs and their
corresponding balance of plant (BoP) items, as well as analyses of the SOFC system’s
operation phase. For instance, Bicer and Khalid quantified the lifecycle impacts of
supplying SOFCs with various fuel sources, including hydrogen, natural gas, ammonia, and
methanol.® In addition, they also investigated how different fuel production methodologies
affect life-cycle environmental impacts of the system. In their study, Bicer and Khalid
assumed that the SOFC would be operated for 5 years, and that it would generate a constant
power density of 0.4 W/cm? during this time.® In a separate study, Gandiglio et al. examined
the environmental impact of operation of a 174 KW, SOFC module fed with biogas from
a wastewater treatment plant, as well as the impacts associated with its construction and its
BoP equipment.®° The examined module was fabricated using three 58 KW, SOFCs, and
was run for more than 5600 hours. Strazza et al. performed a full lifecycle assessment on
the use of a small-scale (20 KW.) methanol-powered SOFC as an auxiliary power unit for
marine applications, and compared their results to those for existing ship engines.*! Nease
and Adams conducted a cradle-to-grave lifecycle study on the use of a NG-powered SOFC
for electricity generation at community scale (~10,000 residents), and compared their

results to those obtained for conventional natural gas combined cycle (NGCC) power
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plants.'? In their study, Nease and Adams assumed that the SOFC would have a lifetime of
10 years at full load operation.'? Their results also showed that the addition of carbon
capture and sequestration technology can decrease the direct CO2 emissions from SOFCs
by 100%, compared to a 90% reduction in NGCC emissions. Total lifecycle emissions
(direct plus indirect) were reduced by about 82% for SOFCs and 68% for NGCC. However,

these did not consider the negative impacts of degradation.

Degradation is one of the major drawbacks to using SOFCs, as it can negatively impact
performance and environmental sustainability over long periods of time. Degradation of
the fuel cells makes it challenging to simulate performance of SOFC over long operational
times, or to find the required capacity of an SOFC for a specific application/community.
To the best of the authors’ knowledge, this issue has not been properly addressed in any
previous SOFC system economic and lifecycle assessments.>®1213 Moreover, prior
lifecycle assessments of SOFCs have commonly quantified their environmental impacts in
baseload power generation mode, where the fuel cells are expected to generate a constant
power load during their operational lifetime. Although it is technically viable to operate
SOFCs as baseload power generation units, the findings of our previous research study
indicate that it is not economically advantageous because operating in constant power

significantly increases degradation rates.'*

In this work, we conduct a detailed cradle-to-product lifecycle analysis (LCA) on planar
anode-supported SOFCs fueled with NG and fabricated using conventional materials and
configurations in order to quantify the impacts associated with manufacturing SOFC and

BoP items, upstream of the NG supply chain, and system maintenance and operation. We

130



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

then compare our results—particularly impacts related to operation of SOFC, and upstream
of the NG supply chain—to those of two commercially available CHP systems that do not
suffer from significant short-term materials degradation: NG-supplied internal combustion
engines and gas turbines. SOFC degradation and its effect on the environmental
performance of the system was assessed using a mathematical prediction model that we
developed in a previous work for the SOFC performance loss that occurs due to six
dominant degradation reactions during long-term operation. The mathematical model used
in this work was described in greater detail in *°, and used to determine the economically
optimal operating trajectories in 4, and so are described only briefly here. The
mathematical model describes how six different individual degradation mechanisms
namely Ni coarsening, Ni oxidation, changes in anode pore size, degradation of electrical
conductivities of anode and electrolyte, and sulfur poisoning, impact overall system
degradation. The impact of each individual mechanism was either a model previously
published in the literature or developed in the prior work from openly available
experimental data. These degradation mechanisms are incorporated into a larger model that
includes thermodynamic equations to describe the system as a whole. The system
degradation models are influenced by factors such as instantaneous current density,
temperature, fuel pressure, and other factors. Thus, the model as a whole can be used to
simulate the degradation of a system over many years as these factors are allowed to change

slowly over time.

This model has been described in greater detail in our previous work.!®> Moreover, instead

of operating the SOFCs in this study in baseload power generation mode, we utilize a
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general operational mode where voltage, current density, and power output can vary over
time. This approach was selected, as the results of our prior work indicate that it is more
economical than running fuel cells in constant power output mode. This work can be
considered to be a dynamic LCA (DLCA) according to the definitions of Beloin-Saint-
Pierre at al. and Sohn et al.*®!7 In the following sections, we present the LCA methodology,
the boundary regions of the lifecycle stages, the functional units, and the calculation

strategies that were used in this DLCA.

2. Methodology

2.1.Goal, scope, and functional unit
The goal of this analysis was to assess and evaluate the environmental impacts of electricity
generation using NG-fueled SOFCs, and to compare the results with those of existing NG-
fueled internal combustion engines and gas turbines. All input and output flows, including

materials, energy, and lifecycle emissions, were considered in the scope of this study.

The functional unit for the product system was chosen to be 1 kWh of the produced
electricity (alternating current (AC), grid quality, at plant). This means that an AC/DC

inverter is included in the analysis.

Inventory data related to the fabrication of the SOFC and its BoP items and annual system
maintenance data were collected from various sources.*8-2% In a previous study, Rio et al.

collected data relating to the construction of a conventional, planar SOFC with an 81 cm?
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active membrane area from the manufacturer.!®> Notably, they ignored degradation of
SOFCs and assumed that the SOFC can be operated at a constant voltage and current
density of 0.8 V and 0.5 A/cm?, respectively; thus, such an SOFC would be able to deliver
a constant power density of 0.4 W/cm? during its lifetime. Using these assumptions, Rio et
al. converted the units from per cm? of active cellular membrane area to per kW installed
capacity, and then scaled the inventory data for a 250-kW SOFC. However, this unit basis
is both very case specific and optimistic, as SOFCs in real functional systems generate
different power densities depending on their operating conditions and needs of the system.
Moreover, due to cellular degradation, it is not very practical to maintain constant voltage,
current density, and power density in full load operation. As noted above, we account for
SOFC degradation, and we study a general SOFC operational mode wherein fuel cell
operation (i.e. current density, voltage, and power output) can vary over time. To this end,
we used Rillo et al.’s assumptions to calculate the inventory data per cm? of active cellular
membrane area, with the results leading to the selection of 1 cm? of membrane area as the
unit basis for the equipment manufacturing and maintenance data. This unit basis is more
general and allows investigators to perform LCA studies on SOFCs with different power

densities, operating in partial or full load and at various operational modes.

1 MJnnv! was selected as the functional unit for the processed NG, which was supplied to

the SOFCs, internal combustion engines, and gas turbines.

! Higher Heating Value
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2.2.Boundaries
The system boundaries for the current LCA include: NG production and processing; the
construction and assembly of the SOFC and its associated BoP equipment; system
maintenance; and SOFC operation. As this is a cradle-to-product analysis, it does not
consider the “end of life” of the system. Fig. 1 illustrates the lifecycle boundary of the entire

system with final product of 1 kWh electricity.
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Fig. 1. System boundary for electricity generation using an NG-fueled SOFC.
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Fig. 2 depicts the boundary region of the NG supply chain, which starts with the extraction

of NG from the wells and ends with delivery of 1 MJunv processed NG to the power

generation system. All resource inflows and emissions related to the extraction, processing,

and distribution of NG are taken into account. More detail regarding the composition and

characteristics of NG are provided in the following section.
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Fig. 2. NG supply chain boundary region. Published with permission from 12,
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Processed NG is sent to the SOFC for the purpose of electricity generation. Fig. 3 shows

the operation stage boundary of an SOFC using NG for power production, along with all

of the input and output flows.
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In the SOFC operation section, cleaned, preheated NG and preheated air are fed into the
anode and cathode, respectively, with electrical energy being produced as a result of an
exothermic electrochemical reaction between the fuel and the oxygen in the air. The anode
exhaust is then sent to the afterburner, where the remaining fuel is combusted with air to

avoid emitting unspent fuel to the atmosphere, which generates more waste heat.

2.3.Allocations
Although the waste heat generated by SOFC systems is in large measure and of high
quality, its value depends on how it is used in a larger system on a case-by-case basis. To
preserve generality, we do not consider heat to be a by-product in this study. Thus, the heat
in the combustion exhaust is assumed to be a waste product; emitted into the atmosphere
after leaving the preheaters. In other words, in order to provide general results that can be
compared to the impacts of electricity production from other power generation
technologies, we take a conservative approach in this study and assign all of the

environmental impacts to electrical energy.

137



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

|
| Air - Ancde exhaust |
Air — = "
| p| Afterburner 1 - I |
NG | Combustion | |
| exhaust | I |
Combustion | | 1 DCIAC Elecltriciljy,lAC,
Exhaust —| inverter grid quality
| I N/ »|  SOFC |
| - - |
__Cathode exhaust | Cleaning unit |
| Heat
___Anode exhaust _ | \ Waste ﬂroduct
=
| |
Electricity | NG j |
A |
|
|

Fig. 3. The boundary of operation stage of SOFC.

2.4.Lifecycle inventories and assumptions
The lifecycle inventory data for the sub-processes and necessary assumptions are given

below.

2.4.1. SOFC and BoP fabrication

e The SOFC and BoP manufacturing and maintenance inventory data are given in
Tables 1-3.

e The inventories are for an anode-supported SOFC fabricated using conventional
materials and conventional structure for all the components. The SOFC in question
has a rectangular, planar design.™

e Asnoted earlier, the lifecycle inventory data for the fabrication and assembly of the

SOFCs and BoP items, as well as annual system maintenance data, were taken from
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the literature and converted from a per kW basis to a per cm? of active cellular
membrane area basis. 182

e 100% of the solvents used in the fabrication of the SOFCs—such as, those used for
tape casting, drying, and sintering—were reported as being emitted into the
atmosphere.812

e The inventories for the BoP items include the auxiliary components required for a
general SOFC-based CHP system (e.g., inverters, piping, heat exchangers, etc.), as
well as the energy consumed in assembling the entire system.82

e It is assumed that the SOFC interconnect and casing, piping, and high-temperature
BoP components, such as heat exchangers, are all made of steel.

e Itis assumed that the fuel cleaning step (contact with iron oxide) prior to entering
the SOFC anode results in more than 90% sulfur removal, so SO content in the
exhaust is negligible.*>2122 See section 2.3.2 for related maintenance.

e The cradle-to-product AC/DC inverter lifecycle inventory data was taken from the
Ecoinvent database.?® It was assumed that there is a 4% loss in power when DC
power is converted to AC.

e The BoP components are assumed to have a lifetime of 20 years. The project
lifetime is also 20 years. Disposal/decommissioning is not in the scope of the
analysis.

e The electricity used in the fabrication of the SOFC and BoP equipment is drawn
from the eastern grid in the United States. The electricity in the eastern U.S. grid is

generated using a variety of energy sources such as coal, fuel oil, NG, nuclear,
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hydropower, and some non-traditional power sources. The electricity data was

taken from the U.S. lifecycle inventory (USLCI) database.?*

2.4.2. System maintenance

e The inventory data for annual system maintenance include replacing the adsorbent
material (iron oxide) in the cleaning unit, as well as some of the steel components
of the system. It is assumed that 1% of the steel components in the BoP items should

be replaced each year due to malfunctioning or incidental damages.

2.4.3. NG supply chain

e The NG supply chain’s upstream effects (including extraction, processing, and
distribution stages) and the operation of the SOFC using cleaned, processed NG are
taken into consideration.

e The NG mixture is assumed to be the average composition of NG consumed in the
United States. The characteristics of this NG mixture are provided in Table 4.5
The NG supply chain data used in the current work was taken from Nease and
Adams.!? On average NG mixtures in the U.S. are composed of various onshore
and offshore sources. Nease and Adams drew upon data in the literature to identify
the various NG sources in the U.S., and to determine their lifecycle environmental
effects on the final NG product.!> For more detail regarding NG sources
breakdowns and their associated emissions please refer to the literature.!? These

emissions include the assumption that only 87% of the natural gas extracted from
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the wells is recovered with the remainder being either flared or emitted to the

atmosphere as fugitive emissions.?

2.4.4. SOFC operation

e The processed NG is cleaned before being supplied to the anode of the SOFC.
Therefore, the SOFC’s operation stage is presumed to have negligible emissions for
the pollutants SOx, NOx, and N20.213

e The data for the operation of the SOFC were taken from our prior studies.* For
more detail, please refer to the Calculation Strategy section.

e |t is assumed that the plant has a lifetime of full 20 years, and that the lifetime of
the SOFCs is shorter. In this work, we consider two different cases: one in which
the SOFCs are replaced every 5 years, and one in which the SOFCs are replaced
every 10 years. It should be noted that the replacement cells have the same features

and size as the old ones.

Table 1. Inventory data for the construction of 1 cm? of SOFC active membrane area.

Resource flows Amount Unit
Nickel oxide (NiO) 2.40E-04 kg
Yttrium stabilized zirconium (YSZ) 1.07E-04 kg
Lanthanum strontium manganite (LSM) 9.92E-07 kg
Ethanol (solvent) 4.48E-05 kg
Methyl ethyl ketone (solvent) 8.64E-05 kg
Benzyl alcohol (solvent) 1.32E-05 kg
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Carbon black

Starch (binder)

Ethylene glycol (binder)
Stainless steel (interconnect)
Stainless steel (casing)
Electricity (US East grid)
Emissions to air

Carbon dioxide

Ethanol

Methyl ethyl ketone

Benzyl alcohol

McMaster University — Chemical Engineering

7.36E-07 kg
1.70E-05 kg
1.44E-05 kg
4.00E-03 kg
1.60E-03 kg
8.80E-02 kWh
Amount Unit
1.73E-04 kg
4.48E-05 kg
8.64E-05 kg
1.32E-05 kg

Table 2. Inventory data for BoP items construction and system assembly per 1 cm? of SOFC
active membrane area.

Resource flows
Reinforcing steel

Stainless steel

Sheet rolling, steel

Sheet rolling, stainless steel
Iron oxide

AC/DC inverter

NG, burned in industrial furnace

Electricity (US East grid)

21 Piece of 500-KW inverter
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Amount Unit
1.95E-02 kg
5.76E-03 kg
1.95E-02 kg
5.76E-03 kg
4.88E-03 kg
1.60E-04 p?
1.95E-04 kg
1.92E-02 kWh
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Table 3. Inventory data for annual system maintenance per 1 cm? of SOFC active membrane area.

Resource flows Amount Unit
Reinforcing steel 1.95E-04 kg
Stainless steel 5.76E-05 kg
Iron oxide 9.76E-03 kg

Table 4. Composition of NG.

Component %Vol

CHa 93.1
CaHs 3.2
CaHs 0.7
CaHuo 0.4
CO; 1.0
N, 1.6
HHV(MJ/kg) 52.58
HHV(MJ/scm)  38.46

2.5.Impact assessment methodology
LCA is a holistic technique that is commonly used to assess and quantify the overall
environmental impact that a product causes over its whole lifecycle. The standard LCA
methodology framework is defined in 1ISO 14040 and 14044.25%" For the LCA in this study,

we employed ReCiPe 2016 v1.03 midpoint (H) method as well as the Tool for Reduction
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and Assessment of Chemicals and other environmental Impacts (TRACI 2.1) v1.05 US-
Canada 2008 midpoint method using SimaPro v9.0 software. These methodologies analyze
lifecycle environmental impacts in relation to several categories, which are selected based
on the features of the project. Tables 5 and 6 show the ReCiPe and TRACI impact
categories that were selected in this work to represent the environmental effects of power

generation using NG-fueled SOFCs at the midpoint level.

Table 5. ReCiPe midpoint impact categories analyzed in this study.

Impact Category Abbreviation  Unit

Global warming GW kg CO»-Eq
Fine particulate matter formation ~ PMF kg PM2.5-Eq”
Terrestrial acidification TA kg SO2-Eq
Fossil resource scarcity FS kg oil-Eq
Water depletion WD m?

Ozone formation, Terrestrial OF kg NOx Eq
ecosystems

* Particulate matter with diameters of less than 2.5 micrometers.

Table 6. TRACI midpoint impact categories selected for this study.

Impact Category Abbreviation  Unit
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Global warming GW kg CO-Eq
Respiratory effects RE kg PM2.5-Eq
Acidification potential AP kg SO2-Eq
Fossil fuel depletion FFD MJ surplus

2.6. Calculation strategy

In our prior work, we conducted a techno-economic analysis (TEA) considering
degradation of SOFCs and we determined the global optimal dynamic trajectories of
voltage, current density, and power output over X-year period where SOFC was scheduled
to be replaced every X years, where X varied from 1 to 14 years.!*. It was assumed that no
catastrophic failure occurs within X years operation. We examined various replacement
times because there is still no consensus on when catastrophic failure will occur in a cell
under specific operating conditions. For instance, a recent study has shown that a solid
oxide electrolyser cell (SOEC) constructed with the same materials and configuration as a
traditional SOFC can be operated for over 14 years at conditions similar to those of fuel
cells before catastrophic failure will occur.?® Given the lack of information on how different
operating conditions affect the catastrophic failure time of SOFCs, we solved the economic
problem for various replacement times. The results of TEA will allow decision makers to
select the proper capacity and operating conditions based on the estimated lifetime of

SOFCs as provided by the manufacturer.
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In the current work, we reused the economic optimal trajectories for X = 5- and X = 10-
year replacement plans as two representative case studies (Fig. 4) to calculate the emissions
from the SOFCs’ operation phase via stoichiometric reactions. It should be noted that the
economic optimal trajectories obtained are independent of size, because none of the
components in TEA have costs which scale non-linearly with size. The TEA results are
valid for anything above 100 kW, since we used the costs for a 100-kW stack and used a
conservative assumption that costs change linearly with size since scale-up involves simple
increasing the number of stacks as opposed to increasing the size of the cells themselves.

Thus, the costs would be lower in reality due to the economics of scale.
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Fig. 4. Optimal trajectories of current density, voltage, and power output for SOFCs with a) 5-
year replacement plan and b) 10-year replacement plan.**

3. Internal combustion engines

Internal combustion engines are a globally commercialized technology with a wide range
of applications in transportation, construction, and power generation, among others.?%=°
NG-fueled internal combustion engines have been broadly used for power production or

heat and electricity production in CHP systems. In engine-based CHP configurations,
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recovered heat is usually utilized to heat water or produce low-pressure steam. The capacity
of these engines varies from 10 kW to nearly 10 MW for CHP applications, with electrical
efficiencies ranging from about 31%pnv for small engines to 41.9%pnv for the large
ones.?®3! However, untreated exhaust from NG-fueled combustion engines contains
significant amounts of air pollutants, including NOx, CO, and VOC (amounts can reach as
high as 99.8 g of NOx and CO, and 68 g of VOC per kWh of delivered electricity). Since
these gases can be very harmful to the environment and human health, they should therefore
be considered in the environmental analysis. Notably, engines can emit different amounts
of harmful pollutants depending on their model, capacity, operating conditions, and even
their manufacturer.®® Fortunately, engine exhaust can be treated with selective catalytic
reduction (SCR) to reduce NOx emissions, and with oxidation catalysts to reduce CO and
VOC.® Table 7 shows the pollutants emitted by NG-fueled internal combustion engines
with capacities of 633, 1141, and 9341 kW, that are used in this LCA for comparison
purposes, before and after exhaust treatment with SCR and oxidation catalyst. These figures
are largely estimates based on manufacturer guarantees, and were acquired from a report

published by the United States Department of Energy (U.S. DOE).*

Table 7. Natural gas internal combustion engine pollutant emissions before and after exhaust
treatment.*

Electrical capacity (kW) 633 1141 9341
Electrical efficiency (%unv) 34.5 37.6 41.9

NOxy (gr/kwh) <1.34 <1.34 <2.01
CO (gr/kwh) <2.01 <2.01 <2.01
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VOC (gr/kwh) <1.34 <1.34 <1.34
NOx (gr/kWh) 0.07 0.07 0.11
CO (gr/kwh) 0.11 0.11 0.11
VOC (gr/kwWh) 0.07 0.07 0.07

Marques et al. recently conducted an LCA on a small-scale trigeneration system that uses
NG.3 The internal combustion engine in their micro-trigeneration system had an electrical
efficiency of 32%mnnyv, and emitted 0.22, 0.67, and 0.09 g of NOy, CO, and VOC,

respectively, per 1 kwWh of power produced.

We used the emissions data provided by the U.S. DOE*® and Marques et al.*>3! to compare
the emissions produced from operating different sized internal combustion engines with
SOFCs. To ensure consistency, we used the same upstream NG supply chain data for all of
the engines as the SOFCs. Due to the lack of detailed and reliable inventory data related to
the manufacturing of internal combustion engines and their associated BoP components for
CHP applications, we could not include manufacturing in the LCA of the engines, but for
comparative purposes against SOFCs, this makes it a conservative estimate. Even though
a number of sources provided manufacturing inventories for this type of engine, the data
were usually provided by automobile manufacturers for engines used in specific
automobiles, and usually did not specify the electrical output of the engine, or place it in
the context of stationary natural gas generation.?>*> Marques et al. also provided the
inventory data for fabrication of a small-scale engine in a micro-trigeneration system, but
did not specify the size of the engine.3!
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The data in the U.S. DOE report is for engines that run on U.S. NG mixtures; as such, these
engines can be properly compared with the SOFCs in this work. Conversely, the source of
the NG used in Marques et al.’s work was not provided. Therefore, we computed the
emissions from the same engine (32%m+nv electrical efficiency) supplied with an average
U.S. NG mixture, assuming that 100% of the gas is combusted in the engine. To this end,
we first determined the amount of NG required by this engine to produce 1 kWh of power
under the given efficiency. Next, we calculated the emissions from the combustion of the
U.S. NG mixture using the stoichiometric combustion reactions. See the Results and

Discussion section for a full discussion of the results.

4. Gas turbines

Gas turbines are another mature, low-cost technology that has been widely used for power
generation and CHP applications. The high-temperature heat recovered from the gas
turbines is usually utilized for steam production or, in industrial facilities, for heating or
drying.?%3! Similar to internal combustion engines, the electrical efficiency of gas turbines
varies depending on their size, with significantly lower efficiency being observed in partial-
load operation compared to full-load operation.?® The capacities of commercial gas turbines
for CHP applications vary from 1 MW to 40 MW, and their electrical efficiencies range
from 22%mrv to 37%mnnv.2° Different gas turbine models use different combustion systems,
and hence emit different amounts of NOx and CO gases. The emissions from NG-supplied

turbines and SOFCs were compared using the emissions data provided by the U.S. DOE
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for commercial gas turbines of various sizes.?® In this LCA we used emissions data for 1,
5, 10, 25, and 40 MW gas turbines for comparison purposes. Note that the turbines in the
U.S. DOE report ran on a U.S. NG mixture, and used a commercially available combustion

system known as dry low NOyx (DLN). Please see 2° for more information.

Table 8. US Natural Gas combustion turbine pollutant emissions.?

Electrical capacity (MW) 1 5 10 25 40
Electrical efficiency (Y%onnv) 22 27 29 34 37
NOy (gr/kwWh) 1.09 0.5 0.45 0.41 0.36
CO (gr/kwh) 0.32 0.27 023 018 018

5. Results and discussion

All results presented in this section are for the production of 1 kWh of electricity.

5.1.SOFCs
Tables 9 and 10 show midpoint characterization results of SOFCs with 5- and 10-year
replacement plans obtained by ReCiPe and TRACI methodologies, respectively. The
TRACI methodology is an environmental indicator that is commonly used in the United
States. Previous studies have primarily used the ReCiPe method to investigate the midpoint
impacts of SOFCs; to the best of our knowledge, this is the first TRACI characterization of
NG-fueled SOFCs that can be used as a basis of comparison for future LCA studies. To
compute these numbers (Tables 9 and 10) with the aid of SimaPro, the life cycle inventories

(e.g. mass and energy flows to/from the environment) of each of the cradle-to-product
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systems considered were taken and their environmental impacts were computed using the
ReCiPe and TRACI methods. As mentioned in previous sections, the underlying
inventories come from a combination of experimental data and predicted simulation data,
depending on what information were available for each step of the process life cycle. It
should be noted that the cumulative information over the plant’s lifetime was divided by
the total electricity produced over the lifetime, and so the tables are normalized to the basis
flow of 1 kWh of electricity produced. These tables should be interpreted under normal
ISO 14040/14044 Life Cycle Assessment understandings and are presented in standard

fashion.

As can be seen, increasing the operational lifetime of the SOFCs and replacing the fuel
cells less often led to a reduction in the total environmental impacts of the SOFCs in all of
the investigated midpoint categories. Extending the lifetime of the cells by altering the
operating conditions not only substantially decreased the impacts of SOFC fabrication and
maintenance, but it also improved electrical performance (electrical efficiency increased
from 41.3%nnv to 43.7%mnnv), Which in turn reduced fuel consumption, and hence,
emissions. It should also be noted that SOFCs with 5- and 10-year replacement plan
generate 0.97 and 0.86 kWh heat, respectively per 1 kWh electricity produced. This is the
net heat released from the SOFC system (generated from exothermic electrochemical
reactions and combustion of unreacted fuel in afterburner) after preheating air and NG and
partial reforming of NG in the cells. As it was mentioned above in order to provide
reproducible results, we considered heat as a waste product and we did not assign

environmental impacts to it. However, using the provided information and lifecycle
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inventory results of this study, one can quantify lifecycle environmental impacts of
different SOFC systems that harvest and utilize waste heat for various purposes. Even
though a large amount of steel is used in BoP items, since they have a lifetime of 20 years,
the fabrication of BoP items does not have significant impact on the overall lifecycle global
warming potential. Fuel cell operation accounts for the highest proportion of this impact
category (~97%), which is due to the NG consumption required for power generation. This
finding is consistent with Bicer and Khalid’s® and Nease and Adams’*2 LCAs, wherein the
use of NG for SOFC operations was found to be responsible for 94% and 97% of the global

warming impact category, respectively.

The release of SOz, NHs, NOy, or primary fine particles (PM2.5) into the atmosphere leads
to formation of harmful particulate matters. SO, NHs, and NOx react with other gasses in
the air and produce secondary aerosols, inhaling which can cause serious health issues and
even lead to premature death in people with chronic disease.®® Therefore, even though
SOx and NOx emissions from SOFCs operation are assumed to be negligible, particulate
matter formation indicator is considered as one of the crucial environmental impact
indicators that should be investigated in this LCA to show the level of PM2.5 released

throughout SOFCs lifecycle.

The results of this study are in good agreement with the literature. For instance, SOFCs
with 5- and 10-year replacement plans in this LCA respectively emit 0.597 and 0.561 kg
COz Eq. over their entire life cycle per kWh, which are of the same orders of magnitude as

Bicer and Khalid’s & (0.41 kg CO; Eq.) and Strazza et al.’s results 1% (0.47 and 0.48 kg
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CO2 Eq.). There are a number of potential reasons for why we found higher global warming
impacts. First, previous LCA studies have ignored performance degradation of fuel cells,
which may result in the underestimation of fuel consumption, and hence, CO2 Eg.
emissions. Second, the NG used in these studies had different origins (average European
NG mixture, EU-28 Mix in Bicer and Khalid®; average Norwegian NG in Strazza et al. *;
and average U.S. NG mixture in the current LCA), and therefore different upstream
impacts, carbon contents, and associated emissions. In addition, unlike the previous LCA
studies that commonly divided environmental impacts between the different products of
multifunctional systems, we assign all of the impacts to the delivered electrical energy,

which results in more conservative and higher values.

The findings related to the other impact categories are also in alignment with the literature.
For instance, 0.179 and 0.159 g PM2.5 Eq. were obtained in the particulate matter
formation category for SOFCs with 5- and 10-year replacement plans in this LCA, which
is comparable to the values calculated by Bicer and Khalid (0.116 g PM10 Eq.) and Rillo
et al. (0.155 g PM10 Eq.).8*3 Our findings indicated that majority of the fine particles
released into the atmosphere during SOFC lifecycle are from BoP manufacturing stage due
to the large amount of steel being used in BoP items, followed by upstream of NG supply
chain, SOFC manufacturing, and maintenance stages. The terrestrial acidification impacts
(0.504 and 0.464 g SO Eq.) obtained in this LCA were also comparable to those reported
by Rillo et al. (0.498 g SOz Eq.) and Strazza et al. (0.363 g SO, Eq.).*3* Terrestrial
acidification is mainly caused by steel production processes during BoP manufacturing

stage, and upstream of NG supply chain is the second contributor to this impact category,
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followed by SOFC fabrication, and maintenance stages. The slight differences in the results
could be due to several differences in these LCA studies, such as differing assumptions,
using NG from distinct origins, or running SOFCs in different modes under various

operating conditions and for different periods of time.

Additionally, Rillo et al. showed that the fossil resource scarcity impact was 0.179 kg oil
Eq. throughout the whole lifecycle per 1 kWh power generation from NG-fueled SOFCs,
with 97% being consumed in the operation phase. In this study, calculations indicated that
SOFCs with 5- and 10-year replacement plans would respectively consume 0.157 and 0.147
kg oil Eq. over their full lifecycle, and that the operation phase with nearly 97%

contribution will be the dominant stage in the fossil resource depletion impact category.

Table 9. ReCiPe midpoint impact characterization results for 1kWh electricity production using
SOFCs (5- and 10-year replacement plan) lifecycle.

BoP SOFC SOFC SOFC
Impact category ~ Unit Total
manufacture manufacture maintenance operation

SOFC-5 year replacement plan

Global kg CO2

warming eq 3.84E-03 9.94E-03 6.91E-03 5.76E-01 5.97E-01

Stratospheric kg
ozone CFC11

depletion eq 1.95E-09 1.35E-09 293E-09 8.31E-09 1.45E-08
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Ozone
formation, kg NOx
Human health  eq 1.21E-05 2.90E-05 3.17E-05 4.20E-04 4.93E-04

Fine particulate kg

matter PM2.5

formation eq 6.16E-05  3.50E-05  3.03E-05 5.25E-05 1.79E-04
Ozone

formation,

Terrestrial kg NOx

ecosystems eq 1.25E-05 3.09E-05 3.23E-05 4.23E-04 4.99E-04
Terrestrial kg SO2

acidification eq 1.96E-04 1.00E-04 3.29E-05 1.76E-04 5.04E-04
Terrestrial kg 1,4-

ecotoxicity DCB 7.40E-02 2.18E-01 554E-02 1.64E-04 3.47E-01
Freshwater kg 1,4-

ecotoxicity DCB 6.63E-04 1.47E-04 1.22E-03 9.33E-11 2.03E-03
Marine kg 1,4-

ecotoxicity DCB 9.48E-04 2.70E-04 1.78E-03 2.18E-08 3.00E-03
Human

carcinogenic kg 1,4-

toxicity DCB 2.12E-03 9.28E-04 496E-02 3.29E-08 5.27E-02
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Human non-

carcinogenic kg 1,4-

toxicity DCB 2.04E-02 3.84E-03 8.26E-03 3.52E-05 3.26E-02
Fossil resource kg oil

scarcity eq 9.37E-04 2.79E-03 1.74E-03 0.00E+00 5.46E-03
Water

consumption m?3 3.20E-05 1.89E-05 5.00E-05 2.61E-02 2.62E-02

SOFC-10 year replacement plan

Global kg CO2

warming eq 4.27E-03 5.56E-03 4.84E-03 5.46E-01 5.61E-01
Stratospheric kg

ozone CFC11

depletion eq 2.16E-09 7.55E-10 2.03E-09 7.86E-09 1.28E-08
Ozone

formation, kg NOx

Human health eq 1.35E-05 1.62E-05 2.19E-05 3.98E-04 4.49E-04
Fine particulate kg

matter PM2.5

formation eq 6.88E-05 1.96E-05 2.09E-05 4.97E-05 1.59E-04
Ozone

formation,

Terrestrial kg NOx

ecosystems eq 1.39E-05 1.73E-05 2.23E-05 4.00E-04 4.54E-04
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Terrestrial kg SO2

acidification eq 2.19E-04 5.60E-05 2.28E-05 1.66E-04 4.64E-04
Terrestrial kg 1,4-

ecotoxicity DCB 8.15E-02 1.22E-01 3.90E-02 1.55E-04 2.42E-01
Freshwater kg 1,4-

ecotoxicity DCB 7.32E-04 8.21E-05 8.37E-04 8.82E-11 1.65E-03
Marine kg 1,4-

ecotoxicity DCB 1.05E-03 1.51E-04 1.22E-03 2.07E-08 2.42E-03
Human

carcinogenic kg 1,4-

toxicity DCB 2.37E-03 5.19E-04 3.37E-02 3.11E-08 3.66E-02
Human non-

carcinogenic kg 1,4-

toxicity DCB 2.25E-02 2.15E-03 5.79E-03 3.33E-05 3.05E-02

Fossil resource kg oil

scarcity eq 1.04E-03 1.56E-03 1.21E-03 1.12E+00 1.13E+00
Water
consumption m?3 3.55E-05 1.06E-05 3.51E-05 247E-02 2.48E-02

Table 10. TRACI midpoint impact characterization results for 1kWh electricity production using
SOFCs (5- and 10-year replacement plan) lifecycle.

BoP SOFC SOFC SOFC
Impact category  Unit Total
manufacture  manufacture maintenance operation

SOFC-5 year replacement plan
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Ozone kg CFC-

depletion 11 eq 2.65E-10 1.65E-10 5.94E-10 0.00E+00 1.02E-09

Global kg CO2

warming eq 3.74E-03 9.75E-03 6.73E-03 5.47E-01 5.68E-01

Smog kg O3eq 2.87E-04 7.03E-04 7.64E-04 1.04E-02 1.21E-02
kg SO2

Acidification eq 2.00E-04 1.11E-04 4.42E-05 3.17E-04 6.72E-04

Eutrophication kgNeq  3.07E-05 9.73E-06 3.26E-05 1.87E-05 9.17E-05

Carcinogenics  CTUh 3.21E-09 1.86E-09 7.07E-08 5.48E-13  7.58E-08

Non

carcinogenics  CTUh 6.17E-09 3.40E-09 6.66E-09 7.42E-11 1.63E-08

kg
Respiratory PM2.5

effects eq 1.77E-05 1.02E-05 2.49E-05 3.19E-06  5.60E-05

Ecotoxicity CTUe 1.89E-01 6.43E-02 1.02E+00  1.14E-06 1.27E+00

Fossil fuel MJ

depletion surplus 3.52E-03 6.17E-03 6.19E-03 1.23E+00 1.25E+00
Ozone kg CFC-

depletion 11 eq 2.91E-10 4.12E-10 9.25E-11 0.00E+00 7.96E-10
Global kg CO2

warming eq 4.16E-03 4.71E-03 5.45E-03 5.18E-01 5.33E-01
Smog kgO3eq 3.20E-04 527E-04  3.93E-04  9.80E-03 1.10E-02
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kg SO2
Acidification eq 2.24E-04 3.07E-05 6.18E-05 3.00E-04 6.16E-04
Eutrophication kgNegq  3.39E-05 2.27E-05 5.44E-06 1.77E-05 7.97E-05
Carcinogenics  CTUh 3.58E-09 4.81E-08 1.04E-09 5.18E-13 5.27E-08
Non
carcinogenics  CTUh 6.80E-09 4.62E-09 1.90E-09 7.02E-11 1.34E-08

kg
Respiratory PM2.5
effects eq 1.97E-05 1.72E-05 5.73E-06 3.02E-06 4.57E-05
Ecotoxicity CTUe 2.09E-01 6.93E-01 3.60E-02 1.08E-06 9.38E-01
Fossil fuel MJ

1.16E+00

depletion surplus 3.90E-03 4.30E-03 3.45E-03 1.17E+00

These findings illustrate how it is possible to substantially improve the performance of

SOFCs, extend their lifetime, and reduce their environmental burdens by simply altering

the operating conditions, leaving the materials and structure of the cells untouched.

Lifecycle inventories can be found in the supplementary documentation.

5.2.Comparison of SOFCs, internal combustion engines, and gas turbines

Next, we compared the environmental performance of SOFCs to that of various sizes of

commercially available internal combustion engines; from a micro engine to a 9341-kW

engine; and that of existing gas turbines with capacities ranging from 1 to 40 MW. Fig. 5 a
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compares the ReCiPe midpoint impacts of SOFCs operation to those of internal combustion
engine exhaust before and after treatment and gas turbine exhaust. Fig. 5b compares the
impacts of these technologies at the midpoint level using the TRACI methodology.
Categories representing the effects of CO emissions, acidifying substances, fine particles

released into the air, and fossil fuel depletion were selected for this analysis.

Prior to treating the exhaust, internal combustion engines had substantially higher
acidification, particulate matter, ozone formation, and respiratory effects, which was due
to the large amounts of NOx, CO, and VOC produced by the existing combustion
technologies used in these engines. These emissions and their associated environmental
burdens can be markedly reduced by using the exhaust treatment technologies discussed in
Section 4. NOy, SOy, CO, and VOC are the main environmental concerns with internal
combustion engines. Exhaust treatment technologies such as three-way catalysts (TWC),
SCR, and oxidation catalysts that have been widely used in engines reduce these emissions
to the atmosphere. These numbers (Table 7) consider the use of SCR and an oxidation
catalyst to reduce NOy, CO, and VOC emissions. These catalysts work selectively to lower
the mentioned emissions. Therefore, the exhaust treatment does not reduce CO2 emissions,

and hence has no effect whatsoever on the global warming potential.

As was explained in Sections 3 and 4, the performance of these engines and turbines
changes depending on their capacity, with larger systems offering higher electrical
efficiency, and hence, lower emissions and environmental burden. The effect of system

capacity on environmental burdens can be clearly seen in Fig. 5. Although the largest
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commercially available internal combustion engine can provide comparable performance
to SOFCs with respect to global warming potential, fossil resource scarcity, and water
depletion, the results indicate that their performance is inferior in terms of the impacts

caused by NOy, CO, and VOC emissions—even after engine exhaust treatment.
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TRACI midpoint impacts relative to SOFCs with 10 year
replacement plan

W SOFC-5 year replacement plan W SOFC-10 year replacement plan MEngine-633 kW (i)

B Engine-1141 kW (i) Engine-9341 kW (i) B Micro engine

M Engine-633 kW (ii) Engine-1141 kW (ii) Engine-9341 kW (ii)

B Gas turbine-1 MW M Gas turbine-5 MW Gas turbine-10 MW
Gas turbine-25 MW Gas turbine-40 MW

Fig. 5. Selected normalized a) ReCiPe and b) TRACI midpoint impact comparisons for SOFCs,
internal combustion engines: i) prior to engine exhaust treatment, and ii) after engine exhaust
treatment, and gas turbines (for the list of abbreviations used in this figure please refer to Tables 5
and 6.).

The smallest internal combustion engines reportedly have an electrical efficiency of
approximately 32% nnv. As shown in Fig. 5, SOFCs provided superior environmental
sustainability compared to this type of engine in all studied environmental categories for

small-scale usage.

It should be noted that the engines emissions data are very optimistic as they are based on
the estimates for the engines exploiting advanced combustors for proper combustion of the

fuel with the best emission reduction technologies. Even though engines do not degrade
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quickly, misfire or incomplete combustion can occur during their operating lifetime due to

several factors. This can influence their environmental burdens in large extent.

Gas turbines have lower electrical efficiency comparing to the other investigated
technologies, which results in greater amounts of fuel being consumed for power generation
especially in smaller scales, and thus, higher levels of CO, emissions, and higher impacts
on fossil resource scarcity. Additionally, the commercial combustion technologies in
existing gas turbines emit high amounts of NOx and CO into the atmosphere. Combustion
systems capable of providing adequate efficiency with low pollutant emission levels for
gas turbines are either not technically confirmed, or not commercially available at present.?°
The catalysts for these emissions are usually composed of brittle materials that experience
catastrophic failure under the operating conditions of gas turbines. Moreover, it is not yet
technically feasible to simultaneously lower NOx and CO emissions from the gas turbine’s
combustors, as doing so results in diminished efficiency.?® The findings of both the ReCiPe
and TRACI methodologies revealed that, due to the high concentrations of NOx and CO
emitted from the existing combustors, gas turbines have substantially greater levels of
acidification, respiratory effects, fine particles, and ozone formation impacts compared to
SOFCs, and the engines with exhaust treatment technologies. Even though gas turbines
have been commonly used for CHP applications, considering the environmental factors
they are not an attractive technology as our results show that they suffer from poor
environmental performance relative to the other options, especially in residential and small-
scale applications. Therefore, with increasing concerns about environmental issues and rise

in carbon tax using this technology, in spite of its low capital cost, will not be profitable

164



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

and hence it should be replaced with more environmentally friendly technologies such as
SOFCs. Even though SOFCs degrade over time, and thus have limited lifetimes, they
generally had smaller environmental burdens in the investigated impact categories at the

midpoint level.

As shown above, existing internal combustion engines have maximum capacity of
approximately 9 MW for CHP applications, but SOFCs do not have technical limits on the
size, and they can scale well to gas turbines size ranges, without the need for technical
changes. SOFCs power output can be simply increased by adding more stacks with the

same operation and environmental performance.

It should also be noted that in this LCA since we are studying small-scaled CHP systems
(less than 40 MW), we do not include carbon capture and sequestration (CCS). However,
our past work has shown that incorporating CCS would drastically lower global warming

potential for SOFC systems.*?

In this study, we focused on electricity generation only, and as noted previously, ignored
the heat component to be conservative. However, future work should examine and value
this heat component more closely (e.g. in a combined heat-and-power system). The results
from this work can be directly applied to future studies because the heat is quantified and
known, but simply not used for allocations as a part of a larger system. Similarly, many
SOFC systems are best hybridized by including a gas turbine that combusts the SOFC off-
gases, which can create some interesting long-term system benefits. In our prior work, we

have examined SOFC heat recovery (using combined cycles) as well as SOFC/GT hybrids
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under the consideration of degradation.®® However, the degradation models used in that
work considered degradation in a lumped fashion, and does not have the same degree of
nuance as the models used in this work which considers six mechanisms independently.
Therefore, we will revisit these systems using the newer degradation model to better

understand their impacts.

6. Conclusion

While this study produced higher GHG emissions compared to similar studies in the
literature, this result was due to the fact that we accounted for SOFC degradation and
allocated all lifecycle emissions to the generated electricity rather than splitting them
between the electricity and exhaust heat. SOFCs mainly produce GHG emissions during
the operation stage as a result of using natural gas to generate power. Our findings
illustrated that extending lifetime of SOFCs by varying the operating conditions effectively
reduces their environmental impact. In fact, both our prior and present works show that, by
adjusting the operating conditions, one can run SOFCs more efficiently, improve their

lifetime, and lower their environmental burdens.

In this paper we also compared SOFCs with small- to large-scale existing gas turbines and
internal combustion engines to determine which technology is the most environmentally
sustainable technology. The results of this comparison showed that SOFCs provided
substantially better performance compared to existing commercial gas turbines in all

investigated impact categories. The findings also showed that the largest available internal
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combustion engines can compete with SOFCs in terms of GHG emissions, but have higher
acidifying and fine particulate matter impacts, even with exhaust treatment technologies.
This is an important finding, as it proves the environmental superiority of SOFCs over

traditional CHP systems, even when accounting for fuel cell degradation.
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CHAPTER 5. CONSTANT POWER GENERATION BY
SCHEDULING INSTALLATION OF SOFC MODULES
OPERATING IN VARYING POWER MODE
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Abstract

In this paper, producing constant power load of 550 MW from systems of Solid Oxide Fuel
Cells (SOFCs) operating in varying power output mode was investigated. This is useful
because previous research has shown that individual cells can have significant lifetime
extensions when operated according to certain dynamic trajectories in which power
production decreases over time. In this study, we determined that a constant net power
output of a system comprised of many individual SOFC modules can be achieved by
scheduling the installation and operation of each SOFC module in a particular manner. All
the modules were operated under the optimal operating conditions obtained in our previous
optimization study where power output of each module declined over time. The dynamic
degradation of SOFCs was taken into account by using a detailed mathematical model of
long-term performance degradation as a function of operating conditions. The result is a
system in which every 5 days, one new SOFC module is brought online, replacing one
module near the end of its useable life at the same time. With this staggered approach, the
overall power output of the system can be maintained at an almost constant level at all times
(550 MW for our example). The new module then gradually reduces its power output over
time according to an optimal trajectory. With this approach, the overall system can produce
an essentially constant supply of power at lower costs than a traditional approach where all

SOFC modules within a large system are each operated at constant power.
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Keywords: SOFCs, performance degradation, optimal operating conditions, optimal

operating mode, constant power output.

1. Introduction
Solid Oxide Fuel Cells (SOFCs) are known for their high electrical efficiency and low
environmental burdens, but they are yet to be commercialized in large-scale [1]. The
degradation of these fuel cells is one main barrier for adoption [1]. SOFCs degrade due to
a confluence of multiple phenomena which occur under normal operating conditions [2].
Several research studies focused on overcoming this issue by developing novel materials
for different components of SOFC or by changing the structure [3-5]. But none of these
new technologies had the required technical or economical feasibility for widespread
commercialization. The focus of our research however is to overcome this barrier by
understanding the degradation mechanisms through mathematical models and using them

to determine operating strategies which reduce the rate of degradation.

In our prior study, we constructed a dynamic mathematical model of degradation by
integrating six different models which each represent a different degradation reaction into
thermodynamic models of overpotentials [6]. The developed model is capable of accurate
prediction of long-term performance decline in SOFCs as a function of operating
conditions, most importantly current density. This model allows investigators to extend the
lifetime of SOFCs and operate them more economically by avoiding detrimental conditions

that accelerate SOFC breakage. This can be easily achieved by adjusting the operating
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conditions and running SOFCs with an appropriate operating trajectory that involves slow

and gradual changes over the course of its lifetime.

The findings of a techno-economic analysis (TEA) performed in our previous study using
this model showed that conventional SOFCs can operate as long as 14 years economically
if run at optimal operating conditions and with optimal dynamic trajectories [7]. The results
also indicated that the optimal strategy for long-term operation of SOFCs is to gradually
decrease the current density drawn from the fuel cells and let the power output drop over
time. According to those findings, operating an SOFC in constant power mode (i.e.
baseload power generation mode) is undesirable, because to achieve constant power one
must continually increase the current density to compensate for degradation over time. This
increasing current density in turn further accelerates the degradation of the fuel cells and
thus should be avoided. Thus, even though constant power mode is often used in practice,
the prior work shows that it is significantly more expensive than operating in a mode in

which power gradually drops over time.

However, constant power output is nonetheless required for some applications and so
gradually decaying power production is not useful or desirable. However, we can overcome
this challenge by recognizing that some SOFC systems consist of many individual cells
bundled into stacks, which are in turn bundled into modules, and the system itself can
contain many modules. Thus, depending on the size of the system, modules, stacks, or even
individual cells can be independently operated in varying power mode under optimal
conditions, but the modules, stacks, or cells are installed gradually at different points of

time such that the overall SOFC system delivers a constant amount of power.
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2. Demonstration of This Work
For this study, we used the optimal sizes and operating trajectories obtained for SOFCs in
varying power mode in our previous TEA study [7]. In other words, we assume that once
an SOFC is started, its current density and power should follow a particular declining
trajectory that has been predetermined by economic optimization as presented in the
previous work (see Figure 1). One key parameter is the desired replacement schedule of the
cell modules. The designer can choose the scheduled replacement time of a cell module
(between 1 and 10 years in our study), and as long as the cell does not experience
unexpected catastrophic failure, there will be some optimal way of operating that cell

module within the desired lifetime.

As noted in the previous work, targeting shorter replacement times means it is optimal to
use the cell more aggressively, drawing more power out of it but causing significant
degradation such that the cell erodes quickly. Longer target replacement times (up to 14
years) are possible but it is optimal to operate much less aggressively and in a fashion which
avoids decay. The previous work shows that longer lifetimes are more economical but the
target replacement time in practice will depend on factors such as the risk of catastrophic
failure, which the model cannot predict and may be unique to each specific manufacturer.
Therefore, the target replacement time is taken as a parameter in this work, with two

extremes considered for brevity (1 year and 10 year).

In the prior work, the SOFC systems were constrained to produce an average of 550 MW
electrical power output during their lifetime, and the optimal size of SOFC active

membrane area (Am) for production of this power was found. The optimal cumulative
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power profile which minimizes levelized cost of electricity (LCOE) for a given target cell
lifetime and has this average of 550 MW power produced is shown in Figure 1b. It is
assumed that the fuel cells are identical, and each SOFC module contains multiple stacks
of identical fuel cells. At the end of lifetime of the SOFCs (which all occur simultaneously),
they are all replaced with identical fuel cells of the same size. This procedure is repeated
during the 20 years life of the plant.
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Figure 1. a) Optimal current density and b) power output of SOFCs with 1- and 10-year lifetimes
during 20 years life of the plant [7].
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In this study, instead of installing all the fuel cells at once, we install one module every 5-
days. A module consists of a group of 1 or more stacks. It should be noted that all the
modules have the same size and all individual SOFCs follow the same optimal trajectories
found in our prior work (Figure 1) [7]. With this approach every 5 days a new module is
brought online and at the same time a module that has reached end of its life is replaced. In
this scheduled system, even though the SOFC modules in operation degrade and provide
less power over time, the brand-new modules, brought online later, provide higher power,
and compensate for the performance decline of the older modules. As a result, the system
reaches steady state after a while and can provide constant power regardless of the
performance drop of individual modules.
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Figure 2 shows the net power output of staggered systems with individual SOFCs in varying
power mode with 1- and 10-year lifetimes.

Figure 2. Net power output of systems in which modules are installed every 5 days and

individual SOFCs are allowed to have variable power with a) 1- and b) 10-year lifetimes.

With this methodology, the system does not reach steady state instantaneously. Depending
on the size of the modules and the optimal trajectories, different systems reach constant net
power output at different times. For instance, with the given scheduling plan and optimal
trajectories, the system of SOFCs with a 1-year replacement plan reaches almost constant
power of 550 MW after 1 year of operation, while the system of SOFCs with a 10-year

replacement plan provides nearly constant power of 550 MW after 10 years of operation.

This is a critical finding as it indicates that to get a constant net power from SOFC systems,
individual SOFCs in the system should not necessarily be operated in baseload power
generation mode. Instead, they can have variable power and constant net system power can

be achieved by installing SOFC modules on a scheduled basis. The importance of the
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current methodology is in enabling constant net power generation with lower costs
comparing to traditional baseload power generation mode. The characteristics and

economics of systems in current methodology and traditional baseload power generation

mode are shown in Table 1.

Table 1: Characteristics and economics of SOFC systems with constant power output. Project
lifetime is 20 years.

McMaster University — Chemical Engineering

Individual SOFCs operated in
varying power mode. (Modules
are staggered every 5 days.)

Individual SOFCs operated in

baseload power mode. (All stacks are

installed at once.)

beginning of
replacement cycle
MW)

Replacement lyr 10 yr 1lyr 10 yr
Schedule:

Area of individual 414 414 414 414
SOFC (cm?)

Average lifetime 123 85 106 79
power produced by

one SOFC (W)

SOFCs per stack 259 259 259 259
Average lifetime 32 22 27 20
power produced by

one stack (kW)

Total size needed (m2) 184,555 267,690 215,637 289,657
Total stacks needed 17,212 24,965 220,111 120,275
Stacks per module 236 34 N/A N/A
Total lifetime average 537.9 4243 550 550
power (MW)

Steady state power 550 550 550 550
MW)

System power at 789 1014 550 550
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System power at end 477 476 550 550

of replacement cycle

MW)

Time to reach steady 1yr 10yr immediate immediate
state

LCOE ($/kWh) 0.357 0.131 0.409 0.143

3. Future Study
The major drawback of the current approach is that the net system power does not reach a
constant load instantaneously. Future work can focus on generation of constant power
throughout the entire life of the plant from an SOFC system in which individual SOFCs are
allowed to have variable power. This can be achieved using either of the following
methods: a) solving a separate problem to find optimal size, installation scheduling, and
operation of stacks that should be used before systems shown in Figure 2 reach steady state,
such that combination of the system and these additional stacks generate nearly constant
load of 550 MW throughout 20 years life of the plant, b) solving a general optimization
over 20 years of every individual stack/module to find optimal schedule and operation for
each stack/module such that the system produces 550 MW at all times during plant’s life.

The latter problem may be intractable.

4. Conclusion
This research showed that by using stacking capability of SOFCs a net constant power load

can be generated from a system of SOFC modules in which individual fuel cells follow an
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optimal declining trajectory. By bringing a new module online and replacing a module near
end of its life every 5 days, the system can reach steady state and produce a constant power
output. This is significant because it enables a steady power output while avoiding using
fuel cells in traditional baseload power mode in which fuel cells degrade at high rates. As
a result, this approach was shown to be more economical than constant load production by

running all fuel cells in baseload power mode.
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Abstract

One key challenge of Solid Oxide Electrolyzer Cell (SOEC) systems is degradation over
long periods of time. Degradation decreases efficiency by increasing the electrical energy
required for Hy production. This paper presents the first step in managing long-term
degradation in SOEC systems. In this work, the first data-driven dynamic model for the
prediction of performance degradation in SOECs as a function of humidity, operating
temperature, and current density was developed. The model was trained using experimental
data from multiple data sets in the literature under various conditions. The model showed
good agreement with validation data over 7000 h operation. One key finding is that the data
show there are three distinct time regimes in which degradation behaviour is qualitatively
different. This is likely due to different degradation phenomena, although the specific
phenomena have not yet been isolated. This is significant for PSE applications because
operators can choose to vary the operating conditions over time in order to predict, account

for, or minimize the effects of long-term degradation.

Keywords: SOEC; Performance Degradation; Data-Driven Model; Operating Condition.

1. Background
When baseload power facilities or renewable sources of intermittent power are used for

electricity generation, excess electricity may be produced during low demand hours.
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Producing surplus electricity can impose additional costs to electricity systems as it should
be either curtailed or sold at a low price. Therefore, there is a great need for reliable energy
storage systems at low demand hours. SOEC is a promising technology for energy storage
that can utilize the excess electricity from the grid to electrolyze steam and generate
hydrogen. Hz is a clean, useful source of energy with high energy content per weight unit.
The produced H> can be compressed and stored in cylinders for various purposes, supplied
to stationary power generators such as fuel cells to produce electricity, or injected into the
existing natural gas network to lower carbon intensity. SOECs are Solid Oxide Fuel Cells
(SOFCs) which are operated in reverse. Indeed, the same technology can either generate
electricity via some exothermic electrochemical reactions (SOFC mode) when supplied
with fuel and air, or it can electrolyze water and produce H. through endothermic
electrochemical reactions (SOEC mode), when supplied with steam and electricity. SOFCs
and SOECs feature several advantages over some existing power generation technologies
and electrolyzer systems such as high efficiency, low noise, and reduced greenhouse gas
(GHG) emissions. However, this technology suffers the drawback of significant long-term
degradation under normal operating conditions. This issue has been a barrier for
commercialization of SOFCs and SOECs and has limited their application in the industry
(Zaccaria et al., 2015). In our prior work, we were able to successfully overcome this
problem for SOFCs specifically by constructing a mathematical model for dynamic
simulation of the long-term performance drop in SOFC systems (Naeini et al., 2021). Using
this model in a techno-economic analysis (TEA) enabled us to determine the optimal

capacity and corresponding optimal dynamic operational trajectories of SOFCs that make
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them more cost-competitive with traditional power generation, by managing their long-
term degradation and increasing their useful lifetime (Naeini et al., 2021). This was possible
because the individual mechanisms that cause SOFC degradation are known, and thus first

principles could be considered directly in the model.

Since the electrochemical reactions and degradation mechanisms in SOFCs are different
from those in SOECs, the model developed for degradation in SOFCs cannot be used to
predict degradation in SOECs. As such, a dynamic model should be constructed for
simulation of long-term performance degradation in SOECs. This is essential for
identifying optimal sizing and operating strategies of SOEC systems for a cost-effective
energy storage over an extended lifetime, with controlled degradation. Our broad literature
survey revealed that a dynamic degradation-based model for SOECs is lacking in the open
literature. Also, the mechanisms of degradation phenomena in electrolysis mode are not
well known, which prevents us from developing a first-principles model. However, there
have been number of experiments investigating impacts of operating conditions on SOEC
performance degradation. Hoerlein et al.’s (2018) experiments in particular showed the
impacts of current density, humidity, and operating temperature on voltage and ohmic
resistance of 20 SOECs over 1000 h of operation. This is a good, representative dataset that
contains acceptable ranges of operating parameters as it includes current density ranging
from 0 to 1.5 A/cm2, humidity varying from 40 % to 80 %, and temperature from 750 to
850 °C. This dataset is used in the current work to develop a data-driven model for

degradation of SOEC.

189



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

2. Modeling strategy
The following information shows that the time evolution of SOEC’s ohmic resistance can
be used to calculate SOEC degradation. SOECs produce H2 at a constant rate as long as

the current density supplied to the cell is constant (Eq.(1)).

T, = — 1)
Where ry,, is the rate of Hz production, i, n, and F are the current density, moles of electrons
involved in the electrolysis electrochemical reactions, and Faraday constant, respectively.
The ohmic resistance of SOECs increases over time due to degradation. According to
Ohm’s law (Eq.(2)), the voltage of the SOEC and therefore the energy required to produce

a constant amount of H2 increase with its degradation (Eq.(3)).

V=Ri @)

P=Ri2=Vi ©)

In these equations R, V, and P represent the SOEC’s ohmic resistance, voltage, and power,
respectively. The magnitude of resistance increase depends on the operating conditions.
Therefore, a model that predicts time evolution of resistance as a function of current
density, humidity, and temperature will allow us to quantify performance degradation in
the SOEC. Data from Figure 1 is used in the present work to develop a model for SOEC
degradation. Given in the y-axis of these plots is AR, ., Which shows the ohmic resistance

increase with respect to the initial ohmic resistance of the cells.
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Figure 1. Time evolution of ohmic resistance of SOECs at various current densities from 0 to 1.5
AJcm2 and a) 800°C and 40% humidity, b) 800°C and 60% humidity, ¢) 800°C and 80%
humidity, d) 750°C and 80% humidity, and e) 850°C and 80% humidity. Original data from
(Hoerlein et al.).

The data show an unstable behavior in some SOECs during the first 200 h of operation,
where the resistance, voltage, and other parameters do not follow a reproducible or
consistent trajectory from run to run. This behavior is known as cell conditioning or
transition period and cannot be modelled since it does not conform to any known pattern
(Sohal; Hubert). However, the data show that the cumulative degradation of the cell at the
200h mark does correlate well with temperature, humidity, and current density, even though
the trajectory in getting there does not. We removed the first 200 h from the training data
and as a result the developed model applies only beyond 200 h. It should also be noted that
even though Hoerlein et al.’s (2018) data includes voltage trajectories of SOECs, voltage
is not used for building the SOEC model in this study. The reason is that when there is not

any current in the external circuit, i.e. the open circuit voltage condition (OCV), the voltage

191



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

remains constant and as a result it is not a good state variable for predicting degradation of

SOECs.

ALAMO (Automated Learning of Algebraic Models) was used to develop the data-driven
model. This software employs a machine learning approach to learn accurate and simple
algebraic models from the training dataset (Wilson and Sahinidis). ALAMO models are
typically linear combinations of nonlinear transformations of the input variables. The
software uses an optimization approach to find not only the best fit of model parameters,
but the selection of the basis functions themselves. This avoids overfitting and helps choose

basis functions that best characterize the data.

2.1.Development of the linear model from 200h to 2500h

First, a partial model was developed based on Hoerlein et al’s (2018) dataset (which has

data out to 1000h), shown in Eq. (4).

R, =Ry +0.019TH + 7.290 Hi + [0.033 Ht' + 0.017 it'] 4)

where t’ is time since 200h (h), R, is ohmic resistance at t' (mQ.cm2), R, is resistance of
virginal SOEC at time 0 h (mQ.cm2), T is temperature (°C), and H is humidity of the fuel
feed expressed as mole fraction of water. Eq.(4) includes two time-independent
(underlined) and two time-dependent (enclosed in square brackets) terms. Underlined terms
show the change in resistance from R, within the first 200h. While time-dependent terms
show the increase in resistance from 200h and onward. Since the data for the first 200h
were removed from training data, the model cannot indicate time evolution of resistance

within this period. Instead, it quantifies the total change in resistance from R, within the
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first 200h. As can be seen, given a constant molar humidity and current density, ohmic
resistance of SOEC increases linearly with time for at least 1000h, and so we refer to this
model as the “linear model”. This is in agreement with number of other studies that reported
linear trend in time for SOEC degradation at fixed operating conditions (Hauch; Hubert;
Trofimenko et al.). These studies all consider operation for 2500h or less. Eq.(4) was fit
with R?=0.94 across the training datasets considered up to 1000h. Rapid transients may

have impacts which are not considered in the model.
2.2.Validation of the linear model out to 2500 h

In order to ensure validity of the developed model for predicting performance degradation
in SOECs under given operating conditions, Tietz et al.’s (2013) experimental data —which
was not considered in building the model — was used to compare with the model. In Tietz
et al. (2013) an SOEC was operated at 778+6°C out to 7600h, supplied with current density
of 1A/cm2, and 80% humidity. We calculated the SOEC’s ohmic resistance trajectory using
Eq. (4) and then its voltage trajectory using Eg. (2) under the given condition. The results,
given in Figure 2, indicate capability of this linear model to simulate performance
deterioration in SOECs for the first 2500 h of operation (R?=0.87). After 2500h, it becomes
more apparent that the SOEC degrades sub-linearly and the degradation rate decreases. We
note that most studies that conclude that degradation rates are linear, such as Hauch et al.
(2006), Hubert et al. (2018), and Trofimenko et al. (2017) do not run the experiments long

enough to experience this inflection point around 2500h.
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Figure 2. Results of the developed model for SOEC performance degradation compared to
experimental data from (Tietz et al.). The dashed line is our model, drawn on top of a modified
version of the original figure reproduced from that work.

2.3.Sublinear model out to 7000 h

The model was modified to reflect the sublinear nature of the degradation by adding a
power term to the time component, and fitting the exponent to Tietz et al.’s data. The
basis functions and their parameters were unmodified from Eqg. 4. The sublinear model is
given in Eq.(5), in which degradation is sublinear to the order of 0.97, and R?=0.95 for

Tietz et al.’s data out to 7000h.

R, = Ry + 0.019 T + 7.290Hi + (0.033H + 0.017:)(t")*%7 (5)

A comparison between the linear model, sublinear model, and experimental data is
provided in Figure 3. As can be seen, the original and modified models are almost equally
good for simulation of short-term operation. But for the long-term operation, sublinear

model is significantly better than the linear one.
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Figure 3. Results of the linear and sublinear models for long-term performance degradation in
SOEC compared to experimental data from (Tietz et al.). Figure modified from the original.

3. Discussion and Future Work
One key finding is the sublinear nature of the degradation rate, but this is supported only
by one data set since most experiments in the open literature are not conducted for long
enough in order to see this trend. Additional research is needed to validate this sublinear
characteristic. However, sublinear behavior makes sense, as in practice SOECs can be used
for many years. If the degradation rate was truly linear such that long-term degradation
continued at the same rate as in the first 1000h, the amount of degradation would be much
higher than what is actually experienced in practice. For example, comparing extrapolating
the sublinear (Eq. (5)) and linear (Eq. (4)) models out to 10 years, the linear model would
predict a required voltage of 30% higher than the sublinear model. This will make a
significant difference in design and operation of large-scale systems. Using either the linear
or sublinear model, as well as Eq.(2) and Eq.(3), one can calculate voltage of SOECs and
the required power supply for producing a specific amount of H2 at different points of
operating time considering the degradation. This will enable system designers to find the

optimal capacity and operation strategy of SOEC system for an economical energy storage
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with reduced degradation rate. As such, a TEA will be performed on SOEC systems as the
future work. The findings will improve cost-effectiveness of this technology and will help

its commercialization.

4. Conclusions
This paper presented a data-driven model constructed from experimental data derived from
the literature for prediction of the performance deterioration in SOEC. To the best of
authors’ knowledge, this is the first dynamic model for simulation of the SOEC degradation
under different operating conditions with high accuracy across a range of cell conditions.
This model, developed using ALAMO, is a composition of nonlinear functions of operating
parameters namely humidity, temperature, and current density. The model was well-
validated using many training and testing sets for the first 2500h of operation, but the
extension to 7000h requires additional validation. Both the linear (Eq 4) and sublinear (Eq
5) models work equally well for those first 2500h but the linear model breaks down
afterward. The results indicated that the rate of SOEC degradation depends on the humidity

and current density, and decays sublinearly in the long-term.
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Abstract

This paper presents an eco-technoeconomic analysis (eTEA) of hydrogen production via
solid oxide electrolysis cells (SOECs) aimed at identifying the economically optimal size
and operating trajectories for these cells. Notably, degradation effects were accounted by
employing a data-driven degradation-based model previously developed by our group for
the analysis of SOECs. This model enabled the identification of the optimal trajectories
under which SOECs can be economically operated over extended periods of time, with
reduced degradation rate. The findings indicated that the levelized cost of hydrogen
(LCOH) produced by SOECs (ranging from 2.78 to 11.67 $/kg H>) is higher compared to
gray hydrogen generated via steam methane reforming (SMR) (varying from 1.03 to 2.16
$ per kg Hz), which is currently the dominant commercial process for large-scale hydrogen
production. Additionally, SOECs generally had lower life cycle CO2 emissions per
kilogram of produced hydrogen (from 1.62 to 3.6 kg CO2 per kg H2) compared to SMR
(10.72 to 15.86 kg CO: per kg Hz2). However, SOEC life cycle CO, emissions are highly
dependent on the CO2 emissions produced by its power source, as SOECs powered by high-
COz-emission sources can produce as much as 32.22 kg CO- per kg Hz. Finally, the findings
of a sensitivity analysis indicated that the price of electricity has a greater influence on the

LCOH than the capital cost.

Keywords
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Solid oxide electrolysis cell, Long-term performance degradation, Levelized cost of

hydrogen, Operating trajectory, Cost of CO. avoided.

1. Introduction
The widespread implementation of low-carbon electricity generation technologies such as
nuclear, solar, and wind is a key step in the transition to a low-carbon future. However, the
intermittent nature of solar and wind power limits their application compared to more
reliable power sources, such as fossil-fuel-based power generators.® On the other hand,
nuclear plants can serve as baseload power generators, but this sometimes leads to power
output exceeding demand. While this surplus power can be curtailed, doing so usually
requires the payment of a penalty charge. Thus, the presence of large amounts of low-
carbon power sources on the grid requires the use of storage systems to sequester surplus
energy.? At present, batteries are the most common commercial energy storage systems in
use, but their practical application is still somewhat limited due to their finite lifetime, use
of limited rare earth materials, as well as environmental concerns relating to the carbon-
intensive process used in their production and the water and air pollution caused by their
disposal.*? Electrolysers have shown considerable promise for energy storage, largely due
to their higher energy storage density and lower environmental impact compared to lithium-
ion batteries.* Hydrogen electrolysers are also key elements of the hydrogen economy.*
Electrolyser cells consume excess electricity from the grid to electrolyze water and produce

hydrogen,? which is capable of storing high energy content per mass that can then be
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distributed and utilized for various applications.> For example, the produced hydrogen can
be supplied to fuel cells during high-demand periods (day/year) to generate electricity to
meet energy demands,? or it can be added to natural gas (NG) pipelines to lower the carbon
intensity of NG.4 Furthermore, injecting hydrogen into the NG network eliminates the need
for high-pressure hydrogen compressors, thereby reducing the system’s cost and energy

consumption.

The ability to produce hydrogen via electrolysis is a major step towards enabling the
hydrogen economy. Currently, steam methane reforming (SMR) is the most commonly
used method for industrial-scale hydrogen production. The hydrogen generated through
SMR, which has a low market price, is known as black or gray hydrogen due to its use of
fossil fuels (coal and natural gas, respectively). Significant amounts of carbon dioxide are
released during the SMR process. In contrast, electrolysers produce hydrogen without
direct CO2 emissions, but the source of the electricity used greatly impacts indirect CO>
emissions. Hydrogen produced through electrolysis can be classified as green hydrogen if
the electricity is exclusively derived from solar, wind, or geothermal energy (and biomass
in some classifications), and pink hydrogen if it derives from nuclear energy. If mixed
energy sources such as municipal power grids are used, life cycle CO2 emissions can vary
greatly from location to location and hour to hour. Thus, the carbon intensity of the
electricity source plays an important role in the environmental performance of

electrolysers.®

The suitability of electrolysers for use in the hydrogen economy depends both on their

economics and their CO2 emissions per kg of hydrogen generated.6 Alkaline and proton-
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exchange membrane (PEM) electrolysers are among the most mature types of electrolysers
and have been broadly used for hydrogen generation. Conversely, the large-scale
commercialization of solid oxide electrolysis cells (SOECs) has yet to be achieved due to
the high level of degradation often experienced by these cells. SOECs are efficient, as their
high operating temperatures allow them to produce more hydrogen than low-temperature
electrolysers per unit of electricity consumed.” While hydrogen production via alkaline and
PEM electrolysers has been extensively studied,®° there remains a lack of research that
examines the economic and environmental performance of SOECs while also considering
their degradation. Indeed, a number of studies have investigated the economic optimization
of SOECs, but none have employed a degradation-based model in doing so. For example,
Seitz et al. performed an economic optimization of a solar-thermal-powered SOEC that had
been integrated with thermal energy storage with the objective of minimizing the LCOH.**
They compared their results with the LCOH of a standalone SOEC and found that the
addition of thermal energy storage decreased the LCOH from 0.16 to 0.11 EUR/KWh Ha.
However, Seitz et al.’s analysis completely ignored the influence of electrolysis cell
degradation. Elsewhere, Mastropasqua et al. proposed an SOEC system that was integrated
with a parabolic dish solar field to enable the generation of 150 kg H> per day.*? Even
though Mastropasqua et al.’s models used thermodynamic equations to quantify the
inevitable overpotentials of the electrolysis cells, they did not account for the degradation
that occurs due to the system reactions. In another study, Lahdemaki used Aspen Plus to
develop a black box model for an SOEC system sized to generate enough hydrogen to

enable the production of 6000 t of synthetic natural gas (in this paper, t=tonne=1000 kg).
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A number of simplifying assumptions were made both in their model and in their
optimization problem. For instance, it was assumed that SOECs degrade at a constant rate
of 0.3% per 1000 h, and that 16,169 m? of cells are required. To calculate the degradation
rate, it was assumed that the system’s power consumption increases by almost 10% after

40000 h of use.

The current paper presents an eco-technoeconomic analysis (eTEA) of SOECs aimed at
identifying the optimal operating trajectories for economical hydrogen production. Unlike
previous works, we use a data-driven model developed in a prior work ** for SOEC
performance degradation.* The developed model, which will be described in the next
section, describes how SOEC performance changes over time under specific operating
conditions. To the best of the authors’ knowledge, this is the first eTEA of SOECs to
employ a degradation-based model. This is significant, as the incorporation of a
degradation-based model will yield findings that are more accurate and reliable compared
to those of other studies in the open literature, which have either ignored or underrated
SOEC degradation. The results of this work will allow us to determine whether adjusting
the operating parameters can make SOECs economically competitive with mature
hydrogen-production technologies, despite their degradation and high capital cost. Since
capital costs associated with SOECs can vary significantly with manufacturing volume and
electricity rates vary between grids and time (i.e., peak vs. off-peak), a sensitivity analysis
is conducted to determine the extent to which these factors influence the cost of hydrogen
production. The results of such sensitivity analyses are critical in determining whether

SOECs are an economically viable option for a particular region. Furthermore, CO>
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emissions per kg of hydrogen generated is another key factor that must be considered when
selecting the best technology for use in the hydrogen economy. As such, CO2 emissions
associated with SOEC manufacturing and electricity generation from various sources are
calculated to determine whether SOECs are suitable for use in the hydrogen economy, and
how its suitability is affected by grid emissions. Finally, the cost of CO2 avoided (CCA) is
also computed to provide a good metric for comparing SOECs with other hydrogen-

production processes, both in terms of economic and environmental performance.

2. Background

2.1.Data-Driven Model for Long-Term SOEC Performance

SOECs have the same components and structure as solid oxide fuel cells (SOFCs). SOFCs
convert the chemical energy from a fuel source to electricity through electrochemical
reactions between fuel and oxygen; in contrast, electrical charge moves in the opposite
direction in SOECS, electrolyzing steam through endothermic electrochemical reactions.*
In a previous study, we developed a detailed model that captures how six mechanisms that
govern SOFC degradation impact its long-term performance.*® It is important to note that,
since the reactants and electrochemical reactions in SOFCs and SOECs are different, the
dominant degradation mechanisms will also be different. Therefore, the SOFC degradation
model is unable to describe degradation in SOECs. Due to a lack of adequate openly
available information about the various degradation reactions in SOECs, it is not yet
possible to construct a first-principles model for SOECs. Consequently, we constructed a

data-driven model in our prior work using Hoerlein et al.’s experimental results, which
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provide data for identical SOECs under various temperatures, current densities, and fuel
humidity percentages over 1000 hours of operation.’*** The findings of Hoerlein et al.’s
studies have shown that temperature, current density, and fuel gas humidity have the
highest impacts on SOEC degradation. As such in ** they only investigated and showed the
impacts of these parameters on degradation of the cells. In their work, Hoerlein et al. took
increases in a cell’s ohmic resistance as a key indicator of the degradation. Changes in the
SOEC’s ohmic resistance over time can be used to quantify the degradation of SOECs.
Several studies have shown that the ohmic overpotential, which can be calculated by Ohm’s
law, is the main and the most substantial contributor to the SOEC overpotential.**° The
rate of hydrogen production by SOECs has a linear correlation with current density (Eq. 1);
this means that a constant current density leads to a constant hydrogen production rate in

SOEC.

In this equation ny, is the rate of hydrogen production by SOEC, i, n, and F are the current
density, moles of electrons transferred in the electrolysis reactions, and Faraday constant,
respectively. The energy needed for production of a constant amount of hydrogen by the

SOEC increases with its ohmic resistance and degradation (Eqg. 2).
P=Ri?=Vi 2

Where P, V, and R are the SOEC’s power, voltage, and ohmic resistance, respectively. The
amount of resistance increase over time is a function of the SOEC’s operating parameters.
In our prior work, we used the data from Hoerlein et al.’s experiments (Fig. 1) to build a

206



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

model that predicts temporal change of resistance with respect to current density,
temperature, and the fuel gas molar humidity.** This model quantifies degradation of SOEC

as a function of the operating conditions.
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Fig. 1. Temporal change of ohmic resistance of SOECs at different current densities from 0 to 1.5
A/cm? and a) 800°C and 40% fuel humidity, b) 800°C and 60% fuel humidity, c) 800°C and 80%
fuel humidity, d) 750°C and 80% fuel humidity, and e) 850°C and 80% fuel humidity measured
by Hoerlein et al.** The y-axis, AR, iS the ohmic resistance increase from the initial ohmic
resistance of SOECs. Figure reused with permission from 3.

Hoerlein et al. ensured that a wide range of operating parameters were investigated in their
study by varying the temperature from 750 to 850°C, the current density from 0 to 1.5
A/m?, and the fuel gas molar humidity from 40% to 80%. The tested SOECs were in
transition period over the first 200 h of use and showed an unstable trend that cannot be

modelled. This unstable behavior was also observed previously by other research
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groups.?+?2 It is worth noting that, even though the degradation trend in the transition period
is not reproducible, the value of cumulative degradation at 200 h can be modelled with
respect to the operating parameters. As such, we removed the transition period data and
used the remaining data to generate the model. In our prior work, we employed Automated
Learning of Algebraic Models (ALAMO) to identify an algebraic model from the training

dataset.?
2.1.1. The linear model from 200h to 2500h

Eq. 3 is the linear model generated by ALAMO for the time evolution of SOEC

performance degradation.
R, =Ry + 0.019 TH + 7.290 Hi + 0.033 Ht' + 0.017 it’ 3

In this equation t’ represents the time since the 200h transition period has completed (h),
R, and R, are the SOEC’s ohmic resistance (mQ.cm?) at times ¢’ and Oh (the virginal state),
respectively, T is the cell’s operating temperature (°C), H is the mole fraction of water in
the fuel gas known as fuel gas humidity, and i is the current density (A/cm?). Time-
independent terms show the accumulated increase in resistance over the transition period,
while time-dependent terms show time variation of ohmic resistance after 200h. When the
supplied current density and fuel gas humidity are constant, the model shows linear growth
in resistance over time. Even though this linear trend was observed in several experimental
studies on SOEC:s, it should be noted that all of these studies tested SOECs for 2500h or

less. 22
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2.1.2. Validation of the linear model (out to 2500h)

The linear model was compared against Tietz et al.’s experimental data — which was not
used in developing the model — for validation purposes (Fig. 2), with the results indicating
that the linear model had good ability to predict SOEC degradation over the first 2500h.%
However, Tietz et al.’s data, which was collected over almost 7600h of SOEC operation,
indicated that the degradation rate diminishes after 2500h; thus, the linear model deviated
from Tietz et al.’s data after this time. It should be noted that most experiments that show
linear degradation rates for SOECs, such as 724, are not performed for long enough to

encounter the deviation from linear trend at around 2500h.
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Fig. 2. Results of the simulation of performance degradation in SOEC using our linear model
compared to experimental data from 2. Our linear model is drawn as a dashed line on a modified
version of the original figure reproduced from that work. Figure reused with permission from 2,

2.1.3. Sublinear model
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The model was subsequently modified into a sublinear model by introducing an exponent
term to the time component (t’). The value of the power term was calculated by fitting it to

Tietz et al.’s experimental data. The modified model is expressed as follows:
R, = Ry + 0.019 TH + 7.290 Hi + (0.033H + 0.017i)(t")%*7 4

Comparison of Tietz et al.’s experimental data, the linear model, and sublinear model (Fig.
3) indicates that the linear model is almost as good as the sublinear model for prediction of
SOEC’s short-term performance. But as can be seen the modified model is substantially
better for simulation of the long-term performance of SOECs. Even though this model only
accounts for the ohmic overpotential, the model showed a very good agreement with the
validation data. Because as it was mentioned above concentration and activation
overpotentials have small contributions to the overall overpotential of the cells comparing

to the ohmic overpotential.
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Fig. 3. Results of the simulation of long-term performance degradation in SOEC using the linear
and sublinear models compared to experimental data from . Our linear and sublinear models are
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drawn as dashed and solid lines, respectively, on a modified version of original figure. Figure
reused with permission from 3,

Even though there are not many studies in the open literature that run experiments long
enough to observe the sublinear trend of degradation rate, this trend makes sense, since
actual SOEC systems are operated for several years. If SOECs were degrading linearly with
time at the rates suggested by the linear model, the magnitude of degradation in the long-
term would be significantly higher than what actual SOECs undergo, and their lifetimes
would be substantially shorter. As such it is important to use the modified model for
simulation of long-term operations as it will have considerable impacts on the design and

operation of large SOEC systems.

We note that this model can be further modified in the future to be more representative of
degradation of SOEC stacks. Currently, there is a lack of sufficient long-term experimental
data on stacks of SOEC under different operating conditions which is due to the high cost

and long time of these experiments.

2.2.Model for Steady-State SOEC Operation

The developed data-driven model projects an increase in SOEC resistance as a result of
degradation. As can be seen in Eq. 4, when quantifying the time evolution of resistance
under specific operating conditions, it is necessary to know the cells’ initial resistance under
those conditions. The first-principles model in the literature that is commonly used to
describe the steady-state performance of SOECs is applied in this work to calculate the

voltage of the SOECs prior to degradation. For a more detailed description of this model,
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the reader is referred to 2%’. By combining the first-principles model with Eq. 4 and Ohm’s

law (Eq. 5), it is possible to quantify the SOEC’s performance at each time point.
V=iR 5
Ve =Vy+ix[0.019TH + 7.290 Hi + (0.033H + 0.017i)(t")%°7 ] 6

Where 1, is the voltage of the cells at 0 h, which is obtained via the first-principles model
(V). Eq. 6 is applied in the optimization problem to find the operating trajectories best
suited for producing hydrogen at the minimum cost. The details of the optimization

problem will be discussed in the next section.

3. Methodology: Eco-Technoeconomic Analysis of SOECs

The aforementioned model (Eq. 6) was employed in an eco-technoeconomic analysis
(eTEA) to determine the optimal trajectories for generating hydrogen via SOECs
economically, while accounting for cell degradation. Specifically, this eTEA aimed to
minimize the levelized cost of hydrogen (LCOH) generated by SOECs during their
operational lifespan. Although LCOH has been computed for SOEC systems in a number
of prior studies,'**>?® we are unaware of any previous eTEA that accounts for SOEC
degradation. This factor is critical, as the rate of SOEC degradation which changes in
response to the operating conditions, can substantially impact the lifetime and economic
efficiency of SOECs. Thus, the present research makes an important contribution to the
literature, as it provides a realistic answer to the long-standing question: “can SOECs, with
their existing design and structure, become economically competitive with current
hydrogen-production technologies?”
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Due to the lack of a definitive definition for the lifetime of SOECs or SOFCs, we include
cell lifetime as a parameter in this eTEA’s optimization problem, which outlines our
planned cell-replacement schedule.? The optimization problem contains a number of
assumptions. First, it is assumed that the problem is solved over a 20-year project lifetime,
and that the SOECs have a lifetime of L years. SOECs are decommissioned after L years
of operation and replaced with identical new cells with the same active membrane area and
operating conditions. Second, it is assumed that the lifetime parameter (L) ranges from 1 to
14 years, and that the problem is solved for each L value separately.? SOFCs and SOECs
can experience catastrophic failure during long-term operations; the duration of operation
prior to catastrophic failure depends on the cell’s operating conditions and cannot be
predicted by existing degradation models. In a recent experimental study on SOECs,
researchers were able to assess the performance of SOECs for 14 years prior to catastrophic
failure.® To the best of our knowledge, this is the longest time reported for the operation
of solid oxide cells before catastrophic failure occurred. As such, we took 14 years as the
maximum replacement time, and we solved the problem for replacement periods of 1 to 14

years. These are the same as the assumptions used in our previous TEA of SOFCs.*

We implemented and solved the economic hydrogen-production optimization problem in
general algebraic modeling system (GAMS). The objective in doing so was to determine
the optimal active membrane area for use in SOECs and their optimal operating trajectories
for generating hydrogen with a minimal LCOH. We also used CONOPT solver, which is
well-suited to solving large non-linear problems (NLP) quickly, and is particularly suitable

in situations where a feasible solution cannot be easily achieved.?* A description of the
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system and a detailed mathematical explanation of the problem is provided below for

SOECs with L years replacement plan.

min LCOH 7
Tj,H,lj,Am,Xj

A number of equations have been used to calculate LCOH that are slightly different from
one another. In this study, we selected Eq. 8 to calculate LCOH because it accounts for the

time value of money and it is the equation most commonly used in the literature.%3233

CRF X CC+0OC+EC 8

Ty el ot X HHV i, X0.28X1073 ’%"

LCOH =

In this equation: LCOH is calculated in $/kWhnnv; CC, OC, and EC are the total capital
costs, non-electricity operating and maintenance costs, and electricity costs ($),
respectively; ny, qe1¢0¢ 1S the total moles of hydrogen delivered by SOECs over the 20-year
life of the plant (mol); HHVy, is the higher heating value of hydrogen (285.8 kJ/mol); and

CREF is the capital recovery factor. The CRF is calculated as follows:

rx (1+r)N 9

CRF = (1+m)N-1

Where r is the discount rate, which is set at a value of 10%, and N is the plant’s lifetime,

which is 20 years in this work.

Subscript j in the decision variables (Eq. 7) is the time-step indicator. Each time step in this
optimization problem is 5 days (120 hours), meaning that there are 73 time steps every

year. Decision variables such as temperature, current density, and mole gas recycled per
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mole produced (X) are functions of time and are held constant for each time step. In

contrast, fuel gas humidity is not time dependent.

Eqgs. 10-12 show the lower and upper bounds for temperature, current density, and fuel gas
humidity in the optimization problem. These are the acceptable ranges found for the
operation of SOECs in the open literature.*”** The fuel gas should contain some hydrogen
to make a reducing environment and prevent fuel electrode oxidation. Usually, a minimum

content of 20% hydrogen is required for this purpose.**3*

923 < T; <1073 (K) 10
100 < i; < 18000 (4/m?) 11
04<H<08 12

As can be seen in Eqg. 4, the resistance of the cells, and thus their degradation, is highly
affected by the current density. Additionally, the hydrogen molar production rate varies in
response to changes in the current density. Thus, sudden or large variations in the current
density should be avoided to ensure safe and realistic operation. As noted above, current
density is held fixed for each time step, and Eq. 13 is then used to ensure that it changes

less than £10% for the next time step.
0.9 x ij—l < l] <1.1%x ij—l 13

Temperature also significantly impacts the degradation and lifetime of SOECs. Abrupt
changes to the cell’s temperature or extensive temperature gradients along the cells should

be avoided, as they may result in catastrophic failure. Due to a lack of information, the
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proposed model of SOEC degradation cannot predict when catastrophic failure will happen
under different operating conditions. As such, we employ conservative constraints to
encourage safe long-term SOEC operation. The temperature of the cells is constant for each

time step and constrained to vary less than £1% for the next time step via Eq. 14.
099X Tj_y <T; < 1.01X Tj_4 14

The following constraints are added to limit the temperature gradient between the inlet and

outlet of the cells to 1% of the cells’ temperature.
0.99 X T; < Tjp; < 101X T} 15
099X Tj < Tyyrj < 1.01XT; 16

The voltage of the cells is calculated via Eq. 6. Normally, SOECs have a voltage of between

06t01.8V.*»
0.6<V; <18 17

The mass balance of the system is provided in the following equations. As it was mentioned
in section 2 the hydrogen molar production rate has a linear correlation with the current

supplied to the cells and Eq. 1 can be rewritten as:

. AmXijX3600 7
n =
Hp,j 2XF

18

where N,y s is the molar production rate of hydrogen in (mol/h) and F is the Faraday

constant. The steam molar consumption rate is equal to the production rate of hydrogen, as

shown in Eq. 19.
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nHZOC’j = nHZ’p’]. 19

SOECs do not utilize all of the steam they are supplied with. The molar rate at which steam

is fed into the cells can be calculated as follows via Eq. 20.

. — "]
NHy0im; = "5y 20

In this equation, SU is steam utilization, which is assumed to be 80% in this study. The
inlet stream to SOECs consists of steam and some hydrogen. If the fuel gas humidity and
steam supply molar rate are known, then the molar rates of total fuel gas supply and the

hydrogen content of the fuel gas can be determined using Egs. 21 and 22, respectively.

. hHZOinj
nTOTin']. = T 21
nH2 in,j = (1 - H) X nTOTmJ. 22

where nror,, . and ny,, . are the molar rates of the total inlet fuel gas and its hydrogen

content, respectively. The cathode outlet contains hydrogen and some unreacted steam.

Next, the molar rates of the gases in the cathode outlet can be determined via Egs. 23 and

24,
nHZ out,j = nHZ in,j + nHZp,j 23
nHzoout,j = nHzoin,j - nHzoc,j 24

Pure oxygen is produced by the electrolysis reaction and leaves the anode at the following

rate,
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noz out,j = 0.5 X nHzp,j 25

A part of the cathode outlet can be recycled and used in the next time periods.
leinn,j = lezof,j + X] X 7;"Hzoou.t,j—l 26
T.)'HZ in,j = X] x T.)'HZ out,j-1 27

In Eq. 26, ny, 0, is the molar rate of fresh water to be supplied to the cells and X; is the

mole recycled per total mole produced.

Finally, the rate of hydrogen delivered by the SOEC system in the jth time step can be

determined by,
th delj — 1 _XJ'+1) X ﬁHzout,j 23

while the total moles of hydrogen delivered by SOECs over the project’s 20-year lifetime

is defined as,
N .
MH, deltot = 7 X leé? 120 (h) x 1y, del,j 29

where ny, ge1.¢0¢ 1S the moles of hydrogen delivered by SOECs over 20 years and L is the

replacement schedule or lifetime of the cells (years). To ensure a good comparison between
SOECs with different replacement schedules, we restrict SOEC production to an average

of 550 MW of hydrogen (based on HHVy,) over their lifetime.

yLIx73 5 XHHV
j=1 "Hj gel j Hp x 0.28 X 10—6M = 550 (MW) 30
Lx73 kj/h

The energy balance of the system can be described by,
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PDC,j + Ein,j - Eout,j - 0 31

where Py ; is the DC power supplied to the SOECs in the jth time step, and Ej,, ; and Eoy¢ ;

are the inlet and outlet enthalpy flows (MW), respectively. Py ; is computed via Eq. 32.
. —_e MW
PDC,j=leVjXAmX1O6W 32

To provide Ppc; (MW), AC power is drawn from the grid and converted to DC through an
AC/DC inverter, which is assumed to have a 96.5% efficiency.?® As such, AC power supply

in the jth time step can be computed as follows:

— Pocj
Paci = 65w 33

Qinj = [nHz ing Cpy (Ting = T1) + 1,0, Cp 11,0,9 (Tin g = T2) + Mbty04 , Lw y0 +

. _ MW
Mty00Cp 100 (T2 — Tl)] x 2.8 x 10710 200 34

Qout,j = [nHz out,j Cp Hy (Tout,j - Tl) + nHZOout,j Cp H;0.9 (Tout,j - TZ) + nHzoout,ij H,0 +

. . _ MW
M8130 00 Co #1201 (T2 = T1) + 110, o1 Cp 0, (Tour,j = T1)| X 2.8 x 10710 o 35

In the above equations, C, , refers to the molar heat capacity of species, k (J/mol-K), which
varies with temperature according to the model found in 3¢. T; is the reference temperature
(298 K), T, is the evaporation temperature of water at 4 bar (416 K)—the assumed operation

pressure for SOECs—and L, 5, is the latent heat of vaporization of water (J/mol).

All costs in this work are given in 2016 U.S. dollars. Unlike mature technologies, the capital

costs of SOECs depend on its commercialization status and production volume. Myrdal et
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al. consulted number of references and calculated capital costs of SOEC systems for various
production volumes at different times.3” To reduce error, we used the SOEC system costs
obtained by Myrdal et al. between 2015 and 2017 through consultations with
manufacturers, rather than their predicted costs for after 2017. Myrdal et al. catalogued the
costs of SOECs with production volumes ranging from 1,250 to 250,000 m?/year, but we
use the costs of SOECs with a production volume of 125,000 m?/year in this eTEA. SOECs
produced between 2015 and 2017 at rate of 125,000 m?/year cost 0.24 $/cm?, which
includes the ab factory and turnkey costs. Ab factory costs consists of the costs of the
equipment and a 50% mark up. The balance-of-plant (BoP) items in an SOEC system
normally include heat exchangers, a compressor, pumps, piping and connections, and
electronics. The capital costs of BoP items, excluding the compressor, were 0.596 $/cm? of
active membrane area installed. This includes costs of heat exchangers, AC/DC inverter,
pumps, and separator (flash drum). The present study does not include a detailed model for
BoP components. As BoP designs will differ from case to case, it was best to restrict the
boundary to the present system in order to have a more generalized result. In this study, the
produced hydrogen has a high quality with ~97% purity and is used outside of the system’s
boundaries. As such, a high-pressure hydrogen compressor and storage are not used in this

work. An outline of the system can be seen in Fig. 4.
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Fig. 4. An outline of the SOEC system.

In a standalone SOEC system, fresh water is evaporated and mixed with hydrogen before
being fed into the SOECs. The thermal energy required to pre-heat the fuel gas stream is
provided by the anode and cathode outlet streams, which leave the cells at high temperature.
Heat transfer takes place through multiple heat exchangers, and the hydrogen for the fuel
gas mixture is recycled from the cathode outlet. The cathode outlet pressure slightly drops
in the heat exchanger before part of it is recycled and mixed with the fresh water. The
recycled stream is passed through a compressor to raise its pressure to 4 bar. The
compressor is an expensive component in the BoP, its size depends on the value of X;, and
it can substantially increase system costs. Therefore, the capital cost of the compressor is

calculated separately as,

Lx73
ijl comp.work j

LxX8760

CCeomp. = UCcomp. X 36
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where CCeomp. is the capital cost of the compressor ($), UCcomp. is the unit cost of the
compressor and takes the value of 24.455 $/kW, and comp.work;_j is the compressor work

in KWh, which is defined as follows.3738

comp.work; = CW X (X; X iy, ... . + Xj X g0, ) X 120 X 1073 37

In the above equation, CW is the compressor work per mole of gas (kwWh/kmol), which is

computed via Eq. 38, *

. y-1
cw = 2Xecompin (cppT 1) 38

Ncomp.

where c,, is the specific heat capacity of the gas (KWh/kmol-K); T¢omp in is the temperature
of the gas at the compressor inlet and is assumed to be 453 K; 7¢omp. IS the compressor
efficiency, which is assumed to be 82%; CPR is the compressor pressure ratio; and y is the

specific heat ratio.

CPR = PTcomp.out 39

PTcomp.in

In EQ. 39, Preomp.in aNA Preomp oue are the pressure of the gas at the inlet and outlet of the

compressor, which are 3.9 and 4 bar in this study, respectively.

The capital costs of SOEC and the remaining of BoP components are given in Egs. 40 and

41.
CCSOEC = % X UCSOEC X Am X 104 40
CCBOP = UCBOP X Am X 104 41
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In the above equations, CCsorc and CCp,p are the capital costs of the SOEC and BoP items
(9$), respectively, and UCgogc and UCg,p are the costs of the SOEC and BoP items per active
membrane area, which, as noted above, take the values of 0.24 and 0.596 $/cm?,
respectively. The cost of electricity consumed by the compressor and the SOECs can be

obtained using the following equation,
EC =2 X Ry X (X1X7% Py j X 120 X 10° + comp.work; ) 42

where Rg; is the electricity rate in $/kWh. A rate of 0.14 $/kWh, which is the average price
for electricity in Canada, was used in the base-case optimization problem. The operating

and maintenance cost is defined via Eq. 43,
0C = UCoper. X Ny, gettor X My, X 1073 43

where My, is the molar mass of Hz (2 kg/kmol) and UC,,., is the operating and
maintenance cost per kg of hydrogen delivered, which takes a value of 0.452 $/kg H». The
value used for UC,,., was obtained based on information published by the United States

Department of Energy (U.S. DOE).*

4. Results and Discussion

4.1. Base Case Optimization

Fig. 5 shows the minimum LCOHSs obtained for SOECs with replacement schedules

ranging from 1 to 14 years. As can be seen, SOECs with shorter replacement plans have
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higher LCOHs, as they need to be replaced with new cells more often over the plant’s 20-
year lifespan. At this point, it is necessary to note that the obtained results may not be
globally optimal, as CONOPT is a local solver. A feasible solution for this optimization
problem was difficult to attain. We first tried solving the base-case optimization problem
using BARON and ANTIGONE, which are global solvers, but neither were able to arrive
at a feasible solution. As such, we employed CONOPT, which is suitable for solving
problems where feasibility is difficult to achieve. The optimal solutions determined by
CONOPT for SOECs were entered as initial guesses into BARON, which was able to
converge upon the same optimal solutions as CONOPT, which guarantees them as a
globally optimal solution. A reduction in LCOH can be obtained with longer replacement
schedules as can be seen in Fig.5. The differences in LCOH diminish as the lifetime of
SOECs increases. Such that the differences are more observable for 1- to 7-year

replacement schedules and less distinguishable for longer replacement plans.
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Fig. 5. Minimum LCOHs for SOECs with different replacement schedules.

Fig. 6. illustrates the optimal membrane area sizes, average current densities, and average
operating temperatures of SOECs. As shown in Eq. 6, SOECs that are supplied with higher
current densities and operated at higher temperatures experience greater degradation over
time. While operating cells at lower temperatures and current densities can enable longer
lifetimes, the use of lower current densities results in diminished hydrogen production (Eq.
18). As such, when operating cells at lower current densities, it is necessary to use larger
active membrane areas to meet the average hydrogen production constraint (Eq. 30).
Although the required membrane area size increases alongside the replacement time, the
need to replace SOECs less frequently in these cases makes the entire system more cost-

effective.
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Fig. 6. Optimal (a) average temperature, (b) average current density, and (c) average membrane
area of SOECs with replacement schedules from 1 to 14 years.

Hydrogen-delivery yield increases as the fuel gas humidity is increased. As a result, the
optimizer found 80% molar humidity for optimal operation of SOECs with any replacement
schedule which is the maximum humidity allowed in this problem. The findings revealed
that the optimal average mole recycled per mole produced is almost the same for all
replacement plans (23.7%). Similarly, the optimal average voltage was also relatively the
same for all cases (1.29 V). Moreover, the optimal trajectories revealed that time variations
in the optimal mole recycled per mole produced and optimal voltage are insignificant. The
optimal trajectories for the operating temperature and current density for the 2-, 5, and 10-
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years replacement plans are shown in Fig. 7. For economically optimal operation, current
density and temperature should reduce over the lifespan of the SOEC to lower its
degradation rate. The optimal trajectories for current density in the first 2 years of operation
for SOECs with 5- and 10-year replacement plans are very similar to those of an SOEC
with 2-year replacement plan and they can not be discerned in this figure. Also, the optimal
current density trajectories in the first 5 years of operation for an SOEC with 10-year
replacement plan are very similar to those of an SOEC with 5-year replacement plan and
they can not be distinguished in Fig. 7. Even though the upper bound of current density was
defined as 18,000 A/m?, the optimal value barely reaches 1780 A/m? in the beginning of

the cell’s operation and is reduced over time due to its significant influence on degradation.
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Fig. 7. Trajectories of (a) optimal current density and (b) optimal temperature of SOECs with 2-,
5-, and 10-year replacement schedules over a 20-year project lifespan.

4.2.Sensitivity Analysis

As discussed in Section 4, the capital cost of SOECs varies with production volume and
the cells’ commercialization status. Specifically, the capital costs of SOECs are high for
non-commercial, custom-made, small-scale systems, and much lower for large-scale

commercial systems. To quantify the sensitivity of the LCOH to the capital cost of SOECs,
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we repeated the optimization problem for capital costs of 0.12, 0.48, and 0.72 $/cm?, while
keeping the remaining conditions, including the other cost parameters, used in the base-
case problem described in the previous section. The following trends emerged from this
analysis. First, reducing the capital cost from 0.72 to 0.12 $/cm? resulted in a 21.4%
decrease in the LCOH of 1-year SOECs (Fig. 8a). Second, the findings showed that the
impact of capital cost on the economics of the system decreases as replacement time
increases. For instance, reducing the capital cost from 0.72 to 0.12 $/cm? resulted in a 6.4%
and 3.5% decline in the LCOH of 5- and 14-year SOECs, respectively. Finally, the analysis
showed that the tendency for LCOH to decrease as SOEC lifetime increases becomes more
observable at higher capital costs. For example, the difference between the LCOHSs of
SOECs with various lifetimes was more distinct at the relatively high capital cost of 0.72

$/cm?.

The price of electricity varies depending on a grid’s location and power generation
techniques. To investigate how electricity prices influence the LCOH, we tested prices
ranging from 0.06 $/kWh (the lowest rate in Canada, which is for the Quebec grid) to 0.30
$/kWh (the highest electricity rate in Canada, which is for northern grids) at 4-cent
increments.**4! The optimization problem was solved for the different electricity prices,
while all other cost values were kept the same as in the base-case problem. The results
showed that the price of electricity significantly influences the LCOH, such that an 80%
drop in the price of electricity results in a ~73% decline in the LCOH (Fig. 8b). As such,
depending on the grid’s electricity rate, SOECs may either be an economical option for

hydrogen generation or a very expensive one.
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The results of the sensitivity analysis can be of great help to decision makers in selecting

the proper technology for energy storage or hydrogen production in specific regions.

Figs. 9a and 9b show the cost breakdowns of SOEC systems supplied with electricity at the
lowest (0.06 $/kWh) and highest (0.30 $/kWh) prices considered in this study, respectively.
The total electricity consumed at a rate of 0.30 $/kWh costs five times as much as the total
electricity consumed at a rate of 0.06 $/kWh. Thus, SOECs supplied with electricity at
higher price had higher capital costs than those supplied with cheaper electricity. The
reason for this result is that, when electricity was expensive, the optimizer tried to lower
electricity consumption by using larger SOECs and lower current densities. Since the cost
of BoP also depends on the size of the cells, SOECs with more expensive electricity had
higher BoP capital costs. On the other hand, the operation and maintenance costs were
calculated based on the mass of hydrogen produced; thus, they were found to be almost the

same for all SOEC:s.
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Fig. 8. Impacts of (a) capital costs (b) electricity price on the LCOH of SOECs with various
replacement schedules.
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Hydrogen generated through the use of electrolysers has no direct GHG emissions from the
water electrolysis process. However, a more detailed environmental assessment is required
to quantify the life cycle environmental impact of hydrogen production via SOECs. To this
end, we calculated the life cycle GHG emissions created by the SOEC manufacturing
process, as well as the life cycle GHG emissions from various electricity generation routes.
A number of different grids and various primary energy sources were studied to determine
how the electricity generation route impacts the environmental performance of the SOECs.
The GHG emissions from the manufacturing of SOFCs was calculated in a prior work
where we conducted an environmental analysis based on detailed life cycle inventory data
for the manufacturing SOFCs.*? Since SOECs and SOFCs have the same components, the
GHG emissions determined for manufacturing SOFCs in the aforementioned study (1087
kgCO; eq per m? of active membrane area) were used for SOECs in the current analysis.
The CO2eq emissions from the manufacturing of BoP items are not included in this analysis
due to a lack of knowledge regarding the exact size of the equipment and a lack of detailed
inventory data. The power sources and power grids considered in this environmental
assessment are given in Table 1. Life cycle GHG emissions of Quebec grid are almost
identical to those of the hydroelectric power plant as 94% of the Quebec’s electricity is

generated by hydroelectric resources.*®

Table 1. Electricity generation routes studied in this work and their CO2eq emissions.

Electricity generation GHG emissions (kgCO- eq/kWh) ref.
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Ontario grid 0.040* 44
Alberta grid 0.790* 44
Quebec grid 0.0011 4
Nuclear power 0.0292 45
Coal fired power plant 0.888 2 45
NG power plant 0.499 2 45

! The source does not mention whether these are direct emissions from the plants or their life cycle

emissions.

2 These are life cycle GHG emissions. The reference did not specify types of nuclear and NG plants.

The GHG emissions produced from the manufacturing of SOECs and the electricity supply
required per kg of hydrogen generated by SOECs under optimal conditions are depicted in
Fig. 10. As can be seen, the electricity generation route significantly impacts the GHG
emissions per mass of hydrogen produced. Moreover, SOECs with longer replacement
times produce lower GHG emissions, as they require a smaller overall membrane area over
the 20-year project lifespan. The life cycle GHG emissions per kg of hydrogen produced
ranges from 0.34 kg CO-eq (for 14-year SOECs connected to the Quebec grid) to 38.60 kg
CO2eq (for 1-year SOECs with coal-fired power generation). These findings demonstrate
that hydrogen generated using electrolysers is not necessarily green. Even though

electrolysers do not directly produce GHG emissions, they do consume a large amount of
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electricity; as such, the GHG emissions produced in generating this electricity should be
accounted for when evaluating the electrolyser’s environmental performance. The GHG
emissions of the electricity route and the price of electricity are key factors in determining
whether electrolysers are the proper technology for hydrogen production in a specific
region. For instance, SOECs are not an environmentally friendly option for hydrogen
generation in Alberta, or in areas where electricity is generated by coal power plants. In
contrast, running SOECs with electricity from the Quebec grid or nuclear power enables

the production of green hydrogen, which has extremely low GHG emissions.
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Fig 11. shows a comparison of the results in the present work to other hydrogen production
systems as reported in the literature. The boxes in Fig. 11 show the range of as-reported life
cycle CO2eq emissions of various hydrogen-production technologies versus their LCOH.
These ranges were determined by Parkinson et al. through a review of several sources.
Notably, the type of electrolysers were not specified in the as-reported data. The scatter
points show the results obtained for SOECs in the present study, and the impact of the
replacement schedule on both the LCOH and GHG emissions is also illustrated. As can be
seen, SOECs with shorter lifetimes have higher a LCOH and GHG emissions given the
same power source and price of electricity. SOECs powered by low-carbon electricity have
very low life cycle GHG emissions and can be competitive with existing clean technologies
such as Cu-ClI cycle and S-I cycle in terms of environmental and economic metrics when
the electricity is 0.06 $/kWh. Conversely, the results clearly indicate that SOECs supplied
with power from the Alberta grid or coal-fired plants provide inferior environmental
performance compared to other technologies. SMR, which is a mature and cost-effective
hydrogen-generation route, emits between 10.72 to 15.86 kg CO.eq per 1 kg hydrogen.
SMR emissions are comparable to SOECs powered by NG, and are only exceeded by those
of SOECs connected to high-carbon grids (Alberta power grid and coal-fired power plants)
and coal gasification. SOECs powered by electricity from the Ontario or Quebec grids, and
nuclear plant all had lower GHG emissions than SMR. The addition of carbon capture and
sequestration (CCS) can reduce the life cycle GHG emissions of SMR and coal gasification

by at least 45% and 64%, respectively. In addition, the highest LCOH reported for SMR
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and coal gasification with CCS are 1.73 and 2.75 times higher than their lowest LCOHs

without CCS, respectively.*

As shown in Fig. 11, some technologies have large ranges of LCOH or GHG emissions,
which may be due to the wide ranges of system capital costs, fuel and electricity prices,
and emissions in various regions, or even the use of different assumptions in different
studies. As such, this plot would benefit from standardization in which all reported values
across the literature were recomputed to instead consider the exact same parameters such
as system scale, energy supply chain (cost, energy type, and associated life cycle impacts),
same location of construction, same quality of H, produced, same project and currency
year, etc. However, this is beyond the scope of the present study and can be pursued in

future research.
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Fig. 11. Life cycle GHG emissions of various hydrogen-production methodologies versus their
LCOH. The boxes show as-reported data ranges collected by Parkinson et al.*® Scatter points have
been calculated for SOECs in this study. Marker types indicate the electricity price. Circles,
squares, and triangles indicate electricity at 0.06, 0.14, and 0.30 $/kWh, respectively. Points
colors specify the supplied electricity source as follows:

= Coal power plant, = Alberta grid, == NG power plant, Ontario grid, Nuclear
power, == Quebec grid.

6. Cost of CO, Avoided

The cost of CO; avoided (CCA) is a metric that is used to quantify the excess costs accrued
from reducing COzeq emissions by 1 tonne compared to the base-case technology. Even
though assumptions are always made in the definition of the CCAs, this metric enables
comparisons of various technologies to determine the most economical and
environmentally friendly option. In this study, SMR was used as the status quo system. The
CCA was defined as the additional costs a technology must incur to avoid the CO>
emissions of SMR (grey hydrogen, without CCS) over the amount of avoided CO:

emissions (Eq. 44).

CCA = LCOHtechnology_ LCOHsMR 44
GHGSMR_GHGteChnology

where LCOHiechnology @Nd GHGiecnnology are the LCOH and GHG emissions of the
investigated technology in $/tonne Hz and tonne COz/tonne Ho, respectively, and LCOHgyr
and GHGgygr are the average of the LCOHSs and the GHG emissions reported by Parkinson
etal. for SMR (i.e., 1280 $/tonne H> and 12.4 tonne CO-/tonne Hy). This metric is beneficial
for selecting the technology that will incur the lowest costs to reduce GHG emissions.
Operating costs such as fuel and electricity prices generally change based on location, as
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do the life cycle GHG emissions of the fuel and electricity used in these technologies. As
such, the same technology can have a range of CCAs depending on where it is
implemented. Table 2 presents the CCA values for SOECs on a 5-year replacement
schedule operated using electricity from low-GHG-emission power sources obtained at
three different prices. The CCAs of SOECs operated with electricity from the Alberta grid,
coal-fired, and NG-based power plants are undefined (negative values), as they are more

expensive and emit more GHGs compared to SMR.

Parkinson et al. reported CCAs ranging between 97-110 $/tonne CO; for SMR systems
equipped with CCS (so called “blue hydrogen™). These were calculated for supply chain
emissions of 2.97 to 9.16 kg CO2/kg H2. A comparison of the CCAs listed for CCS-
equipped SMR and SOECs in Table 2 indicates that, in the current market, SMR with CCS
is more efficient at reducing CO2 emissions. Although the use of SOECs to produce
hydrogen results in lower GHG emissions (Fig. 11), SMR with CCS remains the preferable
option based on the CCA. However, this could change if the capital costs of SOEC can be
reduced or if the SOEC can be supplied with less expensive electricity. It is worth noting
that the SMR with CCS option requires the existence of CCS infrastructure, such as
pipelines and geological sequestration, which may be difficult to achieve, especially in the
short term, and so SOECs may still be the practical alternative. It is also worth noting that
if the SOEC is operated only during overnight hours when the electricity demand is lower
and the electricity is cheaper, the LCOH—and hence, the CCA values—of the SOEC will
be significantly lower. Unfortunately, there is a paucity of long-term experiments and

adequate data on how cyclic operation affects long-term SOEC degradation. The
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experimental data used to generate the data-driven degradation-based model in this work
were collected from the continuous operation of SOECs. Therefore, the model does not
predict performance degradation under cyclic operation. For these reasons, the cyclic

operation of SOECs was not studied in this work.

Table 2. CCA values for 5-year SOECs supplied with electricity from various power sources at
0.06, 0.14, and 0.3 $/kWh.

CCA ($/tonne CO,) CCA ($/tonne CO,) CCA ($/tonne CO,)

(Electricity 0.06 $/kWh)  (Electricity 0.14 $/kWh) (Electricity 0.3 $/kwh)

SOEC-Ontario grid 148 423 969
SOEC-Nuclear 143 408 934
SOEC-Quebec grid 131 373 855

7. Conclusion

The findings of this study revealed that it is possible to decelerate the degradation of
SOEGCs, increase their operating lifetime, and lower their LCOH by adjusting the operating
conditions. Furthermore, this study identified the optimal operating trajectories under
which SOECs can be used for economical hydrogen generation over a particular length of
time. This study revealed that the key to expanding the lifetime of SOECs is to gradually

decrease the supplied current density and operating temperature.

A sensitivity analysis was conducted to quantify how capital costs and electricity price

impact the LCOH of SOECs. The results of this sensitivity analysis can be used to
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determine whether SOECs are an economical option for hydrogen production in a particular

region, depending on their commercial status and the price of electricity.

Lastly, this study evaluated the environmental performance of SOECs by calculating their
life cycle GHG emissions per kg of hydrogen delivered. Even though electrolysers do not
have direct GHG emissions, this study revealed that their life cycle GHG emissions can
vary from very low levels (comparable to those of the cleanest hydrogen-production
processes, such as Cu-Cl cycle) to very high amounts (more than those of the SMR
process). The findings also revealed that the source of electricity has a significant impact
on the environmental performance of SOECs; specifically, it was observed that SOECs
may or may not be an environmentally friendly option for hydrogen production depending
on how the electricity they use is generated. Finally, the CCA was calculated to help
decision makers assess SOECs based on their environmental and economical performance

and compare it with other technologies.

8. Future work

As mentioned previously, the widespread use of low-carbon power generators such as
nuclear, solar, and wind plants is a key step toward a low-carbon future. However, the
intermittency of solar and wind power limits their application compared to more consistent
power sources. The scope of this study is limited to SOECs that use always-available power
sources. Future work will consider wind and solar generators in combination with a variety

of energy storage technologies (such as batteries, pumped hydro, or compressed air energy
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storage) or secondary generators such as natural gas peaking power plants to provide a
consistent source of electricity. It would be interesting to determine how this impacts the
economics and life cycle greenhouse gas emissions, and whether they might be suitable

alternatively to those presented in the present work.
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Nomenclature

t' time since 200 h (h)

R ohmic resistance (mQ.cm?)

T temperature (°C or K)

H fuel gas humidity as mole fraction of water

i current density (A/cm? or A/m?)

LCOH levelized cost of hydrogen ($/kWh or $/kg H2)

A,,  active membrane area (m?)
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X mole of gas recycled per mole produced

CRF capital recovery factor

N life of the plant (year)
L replacement schedule (year)
r discount interest rate

HHV higher heating value (kJ/mol)
CC  capital costs ($)

0C  non-electricity operating and maintenance costs ($)
EC  electricity costs ($)

%4 voltage (V)

n molar rate (mol/h)

F Faraday constant (C/mol)

SU  steam utilization factor

P,  DC power (MW)

P,  AC power (MW)

E heat flow (MW)

Cp molar heat capacity (J/mol.K or kwh/kmol.K)

244



Ph.D. Thesis — Mina Naeini McMaster University — Chemical Engineering

L, latent heat of vaporization (J/mol)

comp.work compressor work (kWh)

Cw  compressor work per mole of gas (kWh/kmol)
CPR  compressor pressure ratio

Pr pressure (bar)

Rg;  electricity rate ($/kWh)

My

,  molar mass of Hz (2 kg/kmol)

CCA cost of CO2 avoided ($/tonne COy)

Greek symbols

n efficiency

y specific heat ratio

Subscripts and superscripts

j time step
in inlet
out  outlet

del  delivered gas
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p

produced gas

comp. compressor

c

consumed gas
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS

8.1. Conclusions

The focus of this thesis project has been on strengthening the commercialization
capabilities of SOFC and SOEC without modifying the technology. For this purpose, this
thesis first takes strides in understating degradation of conventional SOFC and SOEC and
provides models for prediction of long-term performance degradation of SOFC and SOEC.
This is followed by studying impacts of degradation on economic and environmental

feasibility of SOFC and SOEC for power and hydrogen generation.

The first-ever detailed model for SOFC degradation that considers effects of six main
degradation phenomena was developed (chapter 2) to enable predicting performance of
SOFC under degradation at each point of time. A technoeconomic analysis of natural gas
fueled-SOFC was performed and effects of SOFC degradation on its economic feasibility
were investigated (chapter 3). To reflect the current commercial stage of SOFC, high prices
were considered for SOFC system. The findings illustrate that even with the current high
capital cost of the SOFC system and relatively high price of natural gas as fuel, if
destructive operating conditions are avoided and SOFC is operated in optimal mode and
under optimal trajectories economics of large-scale natural gas fueled-SOFC system can be
comparable to that of commercially mature technologies. This can be achieved by slight
decrease in the current density and hence the power output to mange long-term degradation
of SOFC and increase its lifetime. Sensitivity study on this plant showed that its economics

greatly depends on its capital costs and price of the fuel, and less on CO; tax. This study
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also showed that when SOFC stacks are forced to produce constant power the current
density should increase over time which results in increasing degradation rate and hence is

not economically optimal.

This was followed by cradle-to-product life cycle environmental assessment of 1 kWh
power produced by natural gas fueled-SOFC operated under economically optimal
conditions, and it was compared with environmental performance of two other technologies
fueled by natural gas (i.e. internal combustion engine and gas turbine) using ReCiPe 2016
and TRACI 2.1 US-Canada 2008 methodologies (chapter 4). Comparing the results of this
LCA with previous environmental studies that ignored SOFC degradation showed that
ignoring the degradation results in underestimating environmental impacts; particularly
GHG emissions. The findings also illustrated that the most efficient internal combustion
engine could be as good as SOFC in terms of GHG emissions. However, when all aspects
of environmental impacts are considered, SOFC is the superior technology for power

production with the lowest life cycle environmental burdens.

The motivation of the next parts of the thesis (chapters 5) was the need for constant power
load for certain applications and the importance of avoiding using SOFC stacks in constant
power mode for long-term economic power production. This work used a staggering
approach to examine the possibility of delivering constant power by SOFC system while
power output of each SOFC module declines over time. The results demonstrated that by
scheduling start-up order of SOFC modules operated in optimal mode, the SOFC system

as a whole can deliver constant power.
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The first-ever model for predicting long-term performance degradation of SOEC with good
level of accuracy without going into details of degradation reactions was developed
(chapter 6). This model was used in an eco-technoeconomic analysis of large-scale SOEC
system to test economic and environmental feasibility of hydrogen generation using
conventional SOEC considering the impacts of its degradation (chapter 7). The results
showed that small decrease in the current density and temperature are required to manage
the degradation of SOEC for a long-term cost-effective operation. Sensitivity analysis
indicated that economics of SOEC system greatly relies on the price of electricity such that
based on the price of electricity SOEC might or might not be an economically attractive
option. Moreover, it was shown that whether or not SOEC produces green hydrogen highly
depends on the level of GHG emitted from its electricity source. Such that SOECs with low
GHG emission electricity sources (such as wind and nuclear power) are very
environmentally responsible (with 1.62 to 3.6 kg CO2 per kg Hz) while SOECs with high
GHG emission electricity sources (such as coal and natural gas-based power) have higher
life cycle GHG emissions compared to steam methane reforming process (32.22 kg CO-
per kg H2 from SOEC with coal based-power vs. 10.72 to 15.86 kg CO2 per kg H2 from

SMR process).

8.2. Future Work

The models developed in this thesis project for prediction of SOFC and SOEC degradation
do not predict how performance of these cells change in cyclic operations. Particular
integrated community energy systems need CHP and energy storage systems to be operated

in cyclic manner in order to meet the community’s demands without the need for power
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curtailment. The effects of cyclic changes of operating conditions on long-term
performance degradation of SOFC and SOEC are not well examined. As such, future work
can focus on understanding cyclic operation of SOFC and SOEC and how it affects their
lifetime. This will require careful monitoring of performance of several identical cells
during long-term cyclic operation under different conditions. Post-mortem analyses such
as scanning electron microscopy and X-ray diffraction on cells’ components will help
understanding degradation mechanisms and causes of failure. Such study can benefit from
design of experiments (DOE) to reduce the cost and time of the experiments. The findings
of these tests can be used to modify the SOFC and SOEC degradation models developed

during this thesis project.

The above discussed experiments examine the performance degradation of SOFC and
SOEC in cyclic operation at cell level. However, thermal and gas concentration gradients
caused as a result of cyclic operation can lead to degradation of interconnects and sealants
too. Therefore, a better understanding of the SOFC and SOEC degradation under cyclic
operation requires experiments on several stacks at different conditions. Experiments on
the SOFC and SOEC stacks however will be much more expensive than testing the cells.
A potential alternative approach to obtain the information without the need for testing
several stacks is discussed in the following. N sets of cyclic experiments are performed on
one stack. In each experiment periodic operation of the stack at two different operating
conditions is tested. As such, the stack is operated under condition A for 120 h, then the
operating condition is switched to B and the stack is operated under this new condition for

12 h. The cycle is repeated five times and the entire periodic test takes 27.5 days. The longer
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operation interval (120 h) allows easier and better control of the condition and monitoring
the stack performance, while the shorter operation interval (12 h) resembles the stack cyclic
operation on daily basis. The degradation rate under a specific condition is expected to
diminish over time. These experiments help to determine whether or not cyclic operation
affects this trend. These tests can be performed at Hydrogen Laboratory at McMaster
University. Hydrogen laboratory has a 1-kW SOFC, a 1-kW SOEC, a testing unit that
controls the operating conditions and monitor performance of SOFC and SOEC. If the
experiments show that cyclic operation does not have significant negative impact on the
long-term performance of SOFC and SOEC, it would make a solid case for widespread use

of these technologies in various places for different applications.
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