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Abstract

Electricity generation from fossil fuels such as coal and natural gas (NG) contributes
more than half of the global electricity production and is anticipated to still account
for a major share in the medium term till 2050. To reduce the environmental impacts
such as global warming potential of global electricity generation, it is vital to improve
the current conventional power production technology that utilizes fossil fuels. Solid
oxide fuel cells (SOFC) are a promising alternative power generation technology to
conventional fossil fuel-based power production due to their higher efficiency and lower
greenhouse gas emissions. However, the large-scale commercialization of SOFCs is
limited due to their fast degradation under constant power operation which results
in a short lifetime. In a SOFC and gas turbine (GT) hybrid design, the SOFC can
be operated in constant voltage mode with decreasing power output over time such
that the stack lifetime can be largely extended due to much slower degradation. This
constant voltage mode of SOFC operation results in increasing heating value of the
exhaust stream over time which can be utilized by the GT for power production,

allowing this hybrid plant to keep an overall baseload power production.

This thesis focuses on the designs, eco-technoeconomic analyses, and life cycle
analyses of coal-based and NG-based SOFC/GT hybrid plants (with and without a
steam cycle) accounting for long-term degradation effects, in comparison with stan-
dalone SOFC plants (with and without a steam cycle). A pseudo-steady-state model
simulation approach was employed to integrate real-time dynamic 1D SOFC models
with steady-state balance-of-plant models, in order to capture dynamic behaviours

caused by degradation. Model simulations, eco-technoeconomic analyses, and life cycle
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analyses were conducted over a 30-year plant lifetime using Matlab Simulink, Aspen

Plus, Python, and SimaPro.

The results reveal that the main factors affecting the eco-technoeconomic and
life cycle environmental results are the plant efficiency and total SOFC manufactur-
ing over the plant’s lifetime, which are both strongly connected to SOFC long-term
degradation effects. Compared to a standalone SOFC plant with a steam cycle, the
design of SOFC/GT hybrid plant with a steam cycle sacrifices the plant efficiency (4.1
percentage point in coal-based cases and 12 percentage point in NG-based cases), but
greatly increase the SOFC stack lifetime (around 16 times longer) which results in
much lower cost (reduces levelized cost of electricity by 68% in coal-based cases and
82% in NG-based cases) and lower life cycle environmental impacts (reduces around

6% ReCiPe endpoint).
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Research Contributions and Highlights

Designs and model simulations of standalone solid oxide fuel cell (SOFC) plants
and SOFC/gas turbine (GT) hybrid plants accounting for long-term degradation

effects that utilize fossil fuels for power production.

Model integration and simulation by taking a pseudo-steady-state approach to

integrate dynamic models and steady-state models.

Eco-technoeconomic analyses (e€TEA) of standalone SOFC plants and SOFC/GT
hybrid plants accounting for long-term degradation effects, utilizing coal and

natural gas as the fuel sources.

Cradle-to-product life cycle analyses (LCA) for standalone SOFC plants and

SOFC/GT hybrid plants accounting for long-term degradation effects.
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1.1 Background and Motivation

The global electricity demand reached 24,700 TWh (terawatt-hours) in 2021, which was
equivalent to a 33% increase from 2010, and is anticipated to climb to 30,621 TWh in
2030 in the Stated Policies Scenario (STEPS) [1]. Although the global electricity supply
is projected to shift away from fossil fuels to renewables, electricity production from
unabated fossil fuels is anticipated to still account for a major share of 47% and 41% in
STEPS and the Announced Pledges Scenario (APS), respectively, in 2030 (Figure 1.1)
[1]. The unabated fossil fuels mainly include coal and natural gas (NG), with around
26% and 20% shares, respectively, in the global electricity supply anticipated in 2030
in STEPS. Looking at the longer term in STEPS, the global electricity supplies from
coal and NG in 2050 are anticipated to shrink by 35% and 3% from those in 2030,
respectively [1]. With the increases in global electricity demand and public awareness
of global warming, reliable and sustainable electricity generation has become desirable.
Despite the anticipated shift of power supply to renewables, it is vital to improve
the efficiencies and emissions of the current fossil-fuel-based power systems due to
their remaining large share. For the medium to long term, one potential solution is
to find an alternative to conventional electricity generation utilizing fossil fuels, with

improvements in eco-technoeconomic aspects.



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

Share 1%

2010 2021 STEPS 2030 2021  APS 2030

" Unabated fossil fuels ®m Renewables ™ Nuclear W Other

Figure 1.1: Global electricity generation share by source and scenario from 2010 to
2030. Reproduced from [1].

1.1.1 Solid Oxide Fuel Cell

Solid oxide fuel cells (SOFC) are a promising technology for reliable power production
through electrochemical reactions which allow more efficient electricity generation
than conventional combustion-based power production technologies such as pulverized
coal power plants, integrated gasification combined cycle plants (IGCC), and natu-
ral gas combined cycle plants (NGCC) [2]. SOFCs can utilize a variety of fuel gas
such as hydrogen gas, carbon monoxide, methane (NG), and methanol, as well as
syngas generated from coal, NG, diesel, and biomass [2-6]. Figure 1.2 shows a simple

schematic of a SOFC cell that uses syngas (mainly CO and Hs) in the anode with air
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supplied in the cathode for electricity generation through electrochemical reactions [7].
A SOFC stack, which consists of several SOFCs in series and/or parallel connection,
is usually operated at high temperatures (usually above 700°C) [2]. The consequent
high-temperature exhaust stream allows integration with other systems for heating
purposes or additional electricity production. When the SOFCs are equipped with
seals, the anode stream can be maintained separated from the cathode stream, and
thus the anode exhaust consists of mainly H,O and CO,. This enables efficient CO,

capture with low cost due to easy HoO/COy separation [2].

Anode o

CO H; = H,0 CO,
— 0°+CO —» CO, Q""Hq’ HO ——»

™ solid-State O" Conductor |
1 L
Air SN . /.\j Spent Air
—_ 0,—» 0O +0 _—
Cathode L

A

Figure 1.2: Simple schematic of a SOFC utilizing syngas as the fuel source. Reprinted
from [7].

Although SOFCs have many advantages compared to conventional power production
technologies from fossil fuel, they experience degradation which limits their lifetime [8,
9]. SOFC degradation involves various mechanisms affected by the material and interior
structure of the anode, cathode, electrolyte, and interconnects. Conventional SOFCs,
consisting of Nickel Yttria-stabilized Zirconia (Ni-YSZ) anodes, La;_,Sr,MnO3 (LSM)
cathodes, and YSZ electrolytes, experience degradation mechanisms including but not
limited to Ni coarsening, Ni oxidation, sulfur poisoning, changes in anode pore size,
and changes in material conductivity [10-12]. Looking at the stack level, the overall

degradation rate is affected by operating conditions such as current density (the major

4
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factor), fuel utilization (FU) and temperature. In a constant power operating mode,
which is also known as baseload power production, the current density must increase
over time to maintain a constant power output due to degradation. Furthermore, the
degradation rate increases over time due to the increase in current density, resulting

in a short stack lifetime [8].

Despite developing new materials that degrade more slowly, another approach to
overcome the degradation effects is to change the operating conditions and strategies.
By changing the operating mode from constant power to constant voltage, the current
density and FU decrease over time such that the degradation rate can be significantly
reduced and the stack lifetime can be increased up to more than 10 times [8, 13].
However, in this constant voltage mode, the power output of the SOFC stack decreases
as the current density decreases. Although the stack lifetime is greatly extended in

this mode, it is not useful for baseload power production.

1.1.2 Solid Oxide Fuel Cell and Gas Turbine Hybrid System

As mentioned in the previous section, a SOFC stack can be integrated with other
energy systems that utilize the high-temperature exhaust stream from the stack for
either heating purposes or secondary power generation. In the constant voltage mode,
the exhaust stream from the stack not only has a high temperature but also has
increasing heat value over time due to the decrease of FU, and can be used by a gas
turbine (GT) to produce power that increases over time. A GT is a suitable secondary
power generation unit for the SOFC stack since GTs are widely used in industry for
baseload and peaking power production (changing power output according to the

power demand) from NG or syngas [2, 8]. The resulting integrated system is also
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known as SOFC/GT hybrid system and a simple example system utilizing coal-based
syngas is shown in Figure 1.3. In this hybrid system, the SOFC stack is operated in
constant voltage mode such that the stack produces less and less power over time and
the stack lifetime is largely extended due to slow degradation. The GT utilizes the
increasing heating value of the exhaust stream from the stack and produces more and

more power over time, resulting in an overall baseload power production system.

< Post
Combustor

Cathode

Electrolyte

Syngas Cleanup
Generator Processes

Anode

Compressor

Air

| SOFC Stack

Gasifier

f

Coal

Figure 1.3: Process flow diagram of a simple coal-based SOFC/GT hybrid system.

1.1.3 Eco-technoeconomic and Life Cycle Analyses

To this end, a standalone SOFC plant with a SOFC stack operated in constant power
mode is a promising alternative to conventional baseload power production plants
utilizing fossil fuels. By changing the operating strategy of the stack from constant
power to constant voltage accounting for degradation effects and integrating with
a GT, a SOFC/GT hybrid plant sacrifices the efficiency of electricity production
(since GTs are less efficient than SOFCs) but increases the SOFC stack lifetime [2, §].
However, the economic and environmental comparisons between standalone SOFC

plants and SOFC/GT hybrid plants accounting for long-term degradation effects

6
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remain unclear. For example, the SOFC/GT hybrid plant with lower efficiency and
longer stack lifetime is expected to have higher operating costs (e.g., fuel cost) but
lower capital cost due to less stack replacement over the plant’s lifetime. In the aspect
of cradle-to-product life cycle environmental impacts, lower efficiency might result in
higher emissions from plant operation, and a longer stack lifetime is associated with
lower life cycle environmental impacts from SOFC manufacturing. Therefore, it is
vital to conduct eco-technoeconomic analyses (eTEA) and life cycle analyses (LCA)
of standalone SOFC plants and SOFC/GT hybrid plants accounting for long-term
degradation effects to further compare their economic performances and environmental

impacts.

1.2 Research Outline

This thesis presents eco-technoeconomic analyses and cradle-to-product life cycle anal-
yses of standalone SOFC plants and SOFC/GT hybrid plants utilizing fossil fuels via
pseudo-steady-state model simulations which account for long-term SOFC degradation
effects. This overall objective is divided into three objectives as presented in the

following chapters:

Chapter 2 presents the first peer-reviewed publication in International Journal of
Hydrogen Energy. It examines the designs, model simulations, and eTEAs of coal-based
standalone SOFC plants and SOFC/GT hybrid plants accounting for long-term degra-
dation effects. Four base cases are designed and studied: (1) standalone SOFC plant,
(2) standalone SOFC plant with a steam cycle, (3) SOFC/GT hybrid plant, and (4)
SOFC/GT hybrid plant with a steam cycle. A pseudo-steady-state approach is taken

to integrate dynamic SOFC models (with dynamic degradation calculation accounted)
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with steady-state balance-of-plant models for model simulations. Simulations and
eTEAs are conducted using Matlab Simulink, Aspen Plus, and Python. Sensitivity
analyses are performed to examine the economic performances of the base cases under
assumptions such as SOFC unit prices and the frequency of SOFC stack replacement

in the hybrid cases.

Full citation:
Lai, H., Harun, N. F., Tucker, D., and Adams II, T. A., 2021, “Design and eco-
technoeconomic analyses of SOFC/GT hybrid systems accounting for long-term degra-

dation effects,” Int. J. Hydrogen. Energy, 46(7), pp. 5612-5629.

Chapter 3 presents the manuscript of the second sub-project submitted to Journal
of Electrochemical Energy Conversion and Storage. Instead of using coal as the fuel
source in the previous chapter, this chapter presents the designs, model simulations,
and eTEAs of NG-based standalone SOFC plants and SOFC/GT hybrid plants ac-
counting for long-term degradation effects. Model simulations and eTEAs for four
similar designs of base cases are performed following similar procedures as Chapter
2 using Matlab Simulink, Aspen Plus, and Python. Despite of different upstream
designs and operating conditions due to changing the fuel source from coal to NG, the
model simulation is improved by including a model-based controller. Besides SOFC
unit prices and the frequency of SOFC stack replacement in the hybrid cases that are
assessed in the sensitivity analyses in Chapter 2, NG prices and non-fuel costs are
also investigated in the sensitivity analyses in this chapter. To this end, the eTEAs of
both coal-based and NG-based standalone SOFC plants and SOFC/GT hybrid plants

are conducted, which mostly cover fossil fuels used as fuel sources for power production.
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Full citation:
Lai, H., and Adams II, T. A., 2022, “Eco-technoeconomic analyses of NG-powered
SOFC/GT hybrid plants accounting for long-term degradation effects via pseudo-
steady-state model simulations,” J. Electrochem. Energy Convers. Storage. (In

review, JEECS-22-1137)

Chapter 4 presents the manuscript of the third sub-project which has been sub-
mitted. Based on the simulation results of the four coal-based cases and four NG-based
cases in the previous chapters, cradle-to-product life cycle analyses are performed for
all these base cases as well as their corresponding boundary-expanded cases. The LCAs
include not only the plant operation in each case, but also the cradle-to-gate SOFC
manufacturing, balance-of-plant manufacturing, and plant maintenance. The life cycle
environmental impact results are computed using ReCiPe and TRACI methods in
SimaPro. To this end, the three sub-projects (or three chapters) present the complete
e¢TEAs and LCAs for fossil-fuel-based (coal- and NG-based) standalone SOFC plants
and SOFC/GT hybrid plants (both with or without a steam cycle) accounting for

long-term degradation effects.

Full citation:
Lai, H., and Adams II, T. A., 2023, “Life cycle analyses of SOFC/gas turbine hybrid
power plants accounting for long-term degradation effects,” (Submitted, JCLEPRO-D-
23-04847)
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1.3 Possible Overlap in the Chapters

Possible overlap might be found in Chapter 2 to 4, mainly as background descriptions
and motivations (literature reviews) and descriptions of similar methodologies between

studies. No actual results of analyses are repeated in these chapters.

1.4 Author’s Contributions to Articles

As the author of this thesis, I can confirm I was the primary performer of all research

and the first author of all the articles in the preceding chapters.
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Highlights

Standalone solid oxide fuel cells compared against fuel cell/gas turbine hybrids.

Considers long term degradation impacts on system for up to 6 year period.

Eco-technoeconomic and CO4 emissions analyses performed.

Hybrid systems have lower electricity costs and lower CO9 emissions.

Abstract

This study compares two SOFC/GT (solid oxide fuel cell with gas turbine) hybrid
systems to that of two standalone SOFC systems via eco-techno-economic analyses that
account for long-term degradation effects. Four cases were examined: 1) standalone
SOFC plant without a steam bottoming cycle; 2) standalone SOFC plant with a steam
bottoming cycle; 3) SOFC/GT hybrid plant without a steam bottoming cycle; and
4) SOFC/GT with a steam bottoming cycle. This study employed a real-time 1D

SOFC model with an empirical degradation calculation integrated with steady-state
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balance-of-plant models. Simulations used Matlab Simulink R2017a, Aspen Plus V10,
and Python 3.7.4 with a pseudo-steady-state approach. The results showed that, with
some trade-offs, the SOFC/GT hybrid plant with the steam bottoming cycle is the best
option, with an overall efficiency of 44.6% LHV | an LCOE (levelized cost of electricity)
of $US 77/MWh, and a CCA (cost of CO, avoided) of -$US 69.2/tonneCOqe. The
sensitivity analysis also indicated that SOFC/GT hybrid plants were less sensitive to
SOFC price compared to standalone SOFC plants. The sensitivity analysis indicated
that using a larger gas turbine and replacing the SOFC stack less frequently was the
better design choice for the SOFC/GT hybrid plant. This is the first such study to
determine the value of SOFC/GT systems compared to standalone SOFC through
rigorous system analysis while considering SOFC degradation on a dynamic basis

throughout the life of the cells.

Keywords: Solid oxide fuel cell, SOFC/GT hybrid, eco-technoeconomic analysis,

degradation

2.1 Introduction

A solid oxide fuel cell (SOFC) is a high-efficiency power-production technology that
produces low levels of greenhouse gas emissions. SOFCs generally use fuel gases such
as CO, Hy, natural gas, or syngas to generate electricity via electrochemical reactions.
SOFCs offer a promising alternative to conventional coal power plants, as they can
be run using coal-based syngas (a mixture primarily consisting of CO and H,) while
still providing high electrical efficiency and low greenhouse gas emissions [1]. Figure

2.1 shows a simple schematic of a SOFC cell that uses CO and Hy as a fuel source [2].
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Despite these advantages, SOFCs are prone to degradation, which can reduce their
lifetime to as little as 1.5 years when constant power output is maintained (baseload
power production mode). In this constant power mode, the SOFC’s fuel flow rate and
current density must be increased over time in order to counteract degradation effects
and provide a constant power output. However, increases in the fuel flow rate and
current density over time also increase the degradation rate, thus shortening the cell’s

lifetime [3, 4].

Anode e

CO H; H.0 CO;
N 0°+CO —» CO, Q’*‘Hq" H,0 ————— >

™ solid-State O° Conductor |

1 1

Air SoneE——a Spent Air
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Cathode f

Figure 2.1: Simple schematic of a SOFC utilizing syngas as the fuel source. Reprinted
from [2]. This figure was published in J. Power Sources, vol. 251, J. Nease and T. A.
Adams II, “Coal-fuelled systems for peaking power with 100% CO, capture through
integration of solid oxide fuel cells with compressed air energy storage,” pp. 92-107,
Copyright Elsevier (2014).

2.1.1 SOFC/GT Hybrid System

SOFC degradation is affected by the material and interior structure of the anode,
cathode, electrolyte, and interconnects. For example, a recent review suggests that one
of the best ways to overcome degradation issues is to develop new materials that do
not degrade as quickly [5]. Although researchers have investigated the use of various

materials and interior structures in SOFC cells, other findings have shown that different
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operating conditions can influence an SOFC’s lifetime [3]. For example, when SOFCs
are operated in constant voltage mode instead of constant power mode, power output
and fuel utilization (percentage of fuel utilized in the anode) decline as the fuel cells
degrade over time. This means that it may be possible to overcome the degradation
problem using existing materials by changing the SOFC operating conditions, as well
as including other balance of plant components chosen for this purpose. This is the
one key premise of the SOFC/GT hybrid concept.

The decline in fuel utilization causes an increase in the amount of unused fuel in the
anode exhaust, which can be potentially be used in a secondary power source to help
compensate for the decrease in SOFC power production. Despite this decrease in
power production over time, it is possible to extend the lifetime of the SOFC stack to
13 or 14 years compared to operating in constant power mode [3]. For this reason, the
results in the literature suggest that operating in constant voltage mode (rather than
constant power mode) may be significantly better from a systems perspective if a GT
was used to capture the energy from the anode exhaust, which gradually increases over
time as the system decays and power drops. The benefit of the significantly longer
SOFC lifetimes plus the use of the GT to recoup some of the lost power over time
could outweigh the losses associated with gradual SOFC power declines and the extra
complexity and capital costs of the system. However, this is the first study to address
those tradeoffs via a rigorous analysis that factors in the decay and how this decay is
influenced by key system operating parameters.

To this end, an SOFC/GT (gas turbine) hybrid system has been studied as a baseload
power-production design that utilizes this operating strategy [6]. In this hybrid system,
the GT uses the gradually increasing heating value of anode exhaust to produce addi-
tional power, thus compensating for the gradually decreasing power production from

the SOFC stack. Significantly, the GT is designed to reach its full power-production

17



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

capacity at the end of the SOFC stack’s lifetime, which means that the efficiency of
the GT is low at the beginning and increases over time due to the increasing heating
value of the anode exhaust. The net outcome is a system that produces power nearly
constantly, with an SOFC that degrades much more slowly than in a standalone SOFC
system.

Although prior studies have explored various aspects of SOFC/GT hybrid systems,
including modeling and control [7, 8], exergy analysis [9, 10], thermo-economic analysis
[11], and system optimization [12-14], none have examined long-term degradation
effects in SOFCs. Some of the most recently studied SOFC/GT conceptual pro-
cess designs augment SOFC/GT hybrids with additional integrated balance-of-plant
components, especially in a combined-chilling-heat-and-power context (CCHP). For
example, Zhao et al. presents a SOFC/GT hybrid system for CCHP which incorporates
humidified air for the cathode using steam generated from waste heat for efficiency
improvements [15]. Kumar et al. [16], You et al. [17], and Karimi et al. [18] each
incorporate organic Rankine cycles for CCHP into SOFC/GT hybrid systems, with
various other components such as ammonia-based chillers [16], desalination [17, 19],
or domestic hot water [18]. Behzadi et al. utilize the waste heat from SOFC/GT
systems to power double effect absorption chillers (instead of a bottoming cycle) and
use the produced electricity to power an RO desalination system [20]. Gholamian et
al. use the electricity from an SOFC/GT system to power electrolyzers for hydrogen
production as an alternative method for producing hydrogen (from gasified biomass)
[21]. However, very few of these consider degradation and it is unclear how these
complex systems—especially the tertiary components such as cooling cycles, organic
Rankine cycles, humidification, or desalination—would function in the context of
long-term degradation.

Degradation plays an important role in the system’s dynamics, as it impacts the
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SOFC’s performance with respect to power output and anode exhaust heating value,
which in turn affects the performance of the GT. Previous studies have utilized a
GT model consisting of a simple empirical equation that estimates power output and
efficiency based on the anode exhaust’s heating value [3]. In contrast, this work adopts
a more realistic reduced model that predicts the GT’s power-output efficiency based on
changes in the anode exhaust’s heating value caused by the degradation effects in the
SOFC. The long-term performance of the SOFC/GT hybrid system, with degradation

effects, can then be assessed via model simulations.

2.1.2 Long-term SOFC Degradation

To date, researchers have studied various mechanisms that may be responsible for
SOFC degradation, as well as how degradation is impacted by the SOFC operating
conditions; however, a general long-term degradation model that accounts for every
degradation mechanism has yet to be developed. Different models have been developed
to account for mechanisms such as Ni coarsening and Ni oxidation[22, 23], and sulfur
poisoning [24, 25|, while degradation studies have examined specific SOFC components
such as the anode [22, 24], cathode [27, 28], electrolyte [29], and interconnects [30, 31].
Unfortunately, most of the developed models mainly focus on degradation analysis at
a microstructure level, or a few specific degradation mechanisms, or a specific SOFC
component. Thus, the development of a model that is able to account for the overall
degradation effects in an SOFC is highly desirable, as such a model would enable
the long-term performance of a standalone SOFC system or an SOFC/GT hybrid
system to be studied effectively. However, developing a model that accounts for all

degradation mechanisms would be very time consuming, and is therefore beyond the
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scope of this work. Indeed, not only would it potentially be extremely time consuming
to develop a model that integrates every mechanism and its corresponding data, but
it is also not necessary for a long-term assessment of the overall degradation effects in
an SOFC system. In this work, we only require a model that can predict the overall
degradation effects with respect to time or operating conditions.

Therefore, in this work, we used a model that was developed in a prior work from
experimental stack data. The model used regression analysis based on to develop an
algebraic expression that relates the degradation rate of an SOFC stack to its operating
conditions [32]. Despite not accounting for every degradation mechanism in the SOFC
stack or its different components, this expression is able to predict the stack’s overall
degradation rate at a system level based on its operating current density, temperature,
and fuel utilization. Furthermore, while this expression does not provide a detailed
account of the system’s various degradation mechanisms, it is nevertheless sufficient

for use in analyzing the system.

2.1.3 System Analysis of SOFC/GT Hybrid System

Accounting for Long-term Degradation

To the best of our knowledge, there exists no detailed long-term performance analyses
of SOFC/GT hybrid systems that also consider degradation effects, and this is the
first such study of its kind. Eco-techno-economic analyses (€TEA) are one potentially
useful approach for such long-term analyses, as they possess the ability to bridge the
gap between lab-scale SOFC studies and the large-scale commercialization of SOFC
power production processes. For example, a recent study by Al-Khori et al. used

eTEAs to quantify the efficiency, cost, and environmental benefits achieved through
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tight integration of SOFCs with other system components [33]. Therefore, this work
presents an eTEA of SOFC/GT hybrid systems with respect to system efficiency,
levelized cost of electricity (LCOE), and cost of CO4 avoided (CCA), and compares the
results to those obtained for standalone SOFC systems using models that account for
long-term degradation. This is important because degradation has a major impact on
system design, health, efficiency, cost, environmental, and other metrics of quality and
performance. Since degradation has not yet been considered in SOFC/GT systems
level analyses of this type, it means that previous eTEAs that neglect degradation
likely are too conservative by underestimating costs and overestimating performance.
Similarly, this work is also the first to find optimal SOFC replacement times for
SOFC/GT systems that incorporate degradation models into a rigorous system level
simulation.

One of the key challenges in the design and analysis of this system is that the post-
combustion exhaust temperatures of the fuel cell exhaust change as the system decays.
Depending on how the cell is operated, the energy conversion that takes place in
the fuel cell decreases over time, leaving more of the original energy of the fuel in
the exhaust. This means that the heating value of the exhaust and the subsequent
postcombustion exhaust temperatures increase over time as the cells decay, such that
downstream units such as the gas turbine and steam power cycle (if it exists) must be
designed to handle gradual change over the course of its life. In this work, we present
four designs variants that can handle this gradual change and consider this in the
design and subsequent analysis. This appears to be the first work that considers this
effect in a steam bottoming cycle for an SOFC/GT with long term decay.

In a previous publication [34], we performed a system analyses on a standalone SOFC
system and a SOFC/GT hybrid system with a focus on system efficiency, cost esti-

mation, and CO, emissions. The results of these analyses revealed that the exhaust
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from both systems contained a large amount of waste heat, especially in the case of
the standalone SOFC system. Therefore, this work includes two additional base cases
in which steam bottoming cycles are added to the original two cases in an attempt to
capture and further utilize this excess exhaust heat. In addition, the SOFC models
used in this work have been updated with more stable temperature controllers, and cost
of CO, avoided (CCA) has been added to the eTEA evaluation matrix. Furthermore,
sensitivity analyses were conducted to study the impact of the frequency of SOFC
stack replacement in the SOFC/GT hybrid cases and how SOFC price affects overall

performance over the system’s lifetime.

2.2 Process Modeling

2.2.1 Process Overview

To compare the long-term system performances of the SOFC/GT hybrid and standalone

SOFC systems, four designs were selected as base cases:
(1) Standalone SOFC plant (constant SOFC power)
(2) Standalone SOFC plant with steam bottoming cycle
(3) SOFC/GT hybrid plant (constant SOFC voltage)

(4) SOFC/GT hybrid plant with steam bottoming cycle (also referred to as SOFC

with combined cycle plant)

The proposed standalone SOFC system (Base Case 1) consisted of two main com-

ponents: an SOFC stack with a post combustor, and an upstream syngas production
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and clean-up process (Figure 2.2(a)). The upstream syngas process is made up of: a
coal gasifier that produces syngas from coal; an air separation unit, which provides the
gasifier with oxygen; a scrubber, which removes HCI from the syngas; a water-gas shift
reactor to convert CO and H,O to CO5 and Hy, and COS and H,O to CO5 and HsS;
a Selexol process, which is a solvent-based HyS removal process; and a multi-stage
turbine to bring the pressure down to 1 bar before fed to the SOFC anode. The purpose
of the upstream syngas process is to produce clean syngas, which serves as the SOFC
anode’s fuel source. The SOFC stack is operated at near atmospheric pressure, with
cathode air being supplied through a blower and preheated by the post-combustion
gas exhaust. As can be seen in the process flow diagram in Figure 2.2(b), Base Case 2
is identical to Base Case 1, with the exception of an added steam bottoming cycle to
capture the waste heat from the exhaust gas. The steam bottoming cycle contains a
water tank, a pump, a steam generator (or heat exchanger between the flue gas and

water), a multi-stage steam turbine, and a condenser.

Base Case 3 (SOFC/GT hybrid system) consists of three main components: an
SOFC stack equipped with a post combustor; an upstream syngas production and
clean-up process; and a gas turbine, including a compressor and a recuperator (Figure
2.2(c)). The SOFC stack section and the upstream syngas process are the same as
in Base Case 1 (standalone SOFC system), but the SOFC stack in Base Case 3 is
operated at 4 bar. The hybrid system is also equipped with cold air bypass streams to
control the cathode inlet temperature and the gas turbine inlet temperature. Base
Case 4 (Figure 2.2(d)) shares the same design as Base Case 3, with the exception of

the addition of a steam bottoming cycle to the end of the process.
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2.2.2 Plant Models

The plant model of each base case contains two parts: a dynamic SOFC model and a
steady-state balance-of-plant model. The dynamic SOFC model includes the SOFC
stack and the post combustor, and it accounts for thermal and electrochemical changes
in the SOFC as well as degradation in real time. The steady-state balance-of-plant
model of each case includes the rest of the units except the SOFC stack and the
post-combustor on Figure 2.2. Specifically, for Base Case 1, the balance-of-plant model
contains the gasifier, the syngas cleanup processes (details can be found in previous

section), the air blower, and the heat exchanger.

2.2.2.1 Dynamic SOFC Model

This work used a one-dimensional real-time model of a co-flow, planar anode-supported
SOFC consisting of an Ni-doped yttria-stabilized zirconia (YSZ) anode, a YSZ-
lanthanum strontium magnetite cathode, and a YSZ electrolyte [35]. The model
takes a mixed approach, using the finite difference and finite volume methods to obtain
real-time thermal (heat transfer) and electrochemical calculations, respectively. The
cell is discretized in 20 nodes (20 control volumes) lengthwise in the direction of the
gas flow. This number of nodes was found to be optimal in prior work through a
grid size sensitivity study, and used consistently for a variety of studies over the past
decade. Increasing the node count was found to cause the computational time to
increase exponentially, but with negligible increase in solution accuracy as compared
to experimental data. Below 20 nodes, the solution became inaccurate at millisecond

timescales [36-38].
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In addition, characteristic variables such as current density, Nernst potential, tem-
perature, and fuel composition are calculated for each control volume at each sampling
time. For more details on the model, including model equations, the experimental

data used in developing the model, and validation, please see [32, 39].

0.59FU +0.74 , 5.
e
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1+ exp TZ;SS !

-1 (1)

Td

The degradation effect in the model is described by Eq.(1), where r4, FU, T,
and i represent degradation rate, fuel utilization, temperature, and current density,
respectively. This expression was formed via regression analysis and extrapolation
using prior experimental data. This process is described in greater detail in [32, 39].
The degradation rate is calculated in terms of percent of voltage drop per thousand
hours, and is further used to calculate the effect of degradation on ohmic resistance
and cell voltage. The model was implemented in Matlab Simulink R2017a, and then

modified and augmented with upgraded controllers.

The control strategy for Base Case 1 includes three feedback controllers. They
are the SOFC power output controller, the SOFC fuel utilization controller, and the
SOFC average cell temperature controller, which controls each of those variables by
manipulating the SOFC load (current), the anode inlet fuel flow rate, and the cathode
inlet air flow rate, respectively. We note that although fuel flow rate is allowed to
vary, it changes slowly over the cell life, and within a small range. Although recent
research shows that large and sudden fuel composition switches can be problematic
for the balance-of-plant [40], the present designs use only very slow changes in flow

rate and no changes in fuel composition.
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For Base Case 3, however, a different control strategy was implemented which
includes a feedback net power controller by manipulating the anode inlet fuel flow
rate, a feedback voltage controller by manipulating the SOFC load, and a feedforward
SOFC average cell temperature controller by manipulating the cold air bypass valve (to
adjust the cathode inlet air temperature). As the SOFC ages, the heating value of the
anode exhaust gradually increases, thus increasing the combustor exhaust temperature
which if not controlled will cause both the gas turbine inlet and exhaust temperatures
to increase. In turn, since the turbine exhaust preheats the cathode inlet air, the
cathode air would also increase over time to unacceptable levels. By drawing a cold
bypass stream, the controller can ensure that both the gas turbine inlet tempera-

ture and the cathode air inlet temperature do not become too large as the SOFC decays.

For the net power controller in Base Case 3, as the anode inlet fuel flow rate changed,
the power produced by the SOFC and the heating value of the post combustor exhaust
would also change. The heating value of the post combustor exhaust was used to
predict the gas turbine power production accounting for off-design efficiency change. A
gas turbine characteristic curve, which correlates efficiency with power production for
off-design operations, was used to predict the gas turbine power production in different
operating conditions (heating value of the gas turbine inlet). This curve was generated
with proprietary data from a turbine manufacturer (Siemens), and cannot be released
for intellectual property reasons. Base Case 2 and Base Case 4 used the same control
strategies in Base Case 1 and Base Case 3, respectively. All controllers used in this
work were proportional-integral-derivative controllers. Manual tuning techniques were

used to determine the tuning parameters.
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2.2.2.2 Steady-state Balance-of-plant Model

The dynamic SOFC model represents the SOFC stack and the post combustor in all
of the base cases, with the balance-of-plant for each case being modeled with Aspen
Plus V10. Steady-state modeling in Aspen Plus was chosen for its ability to reduce
modeling complexity while still providing good representations of the systems and
equipment sizes, which can then be used to perform the e-TEA. In Aspen Plus, the
Peng-Robinson equation of state (EOS) was used along with the Boston-Mathias
modification, with a few exceptions: the NBC/NRC steam tables were used for pure
water streams; the Electrolyte-NRTL method with Henry coefficients and electrolyte
chemistry specification obtained from the AP065 databank was used for streams mainly
consisting of CO5 and H,O near the critical point; and the Redlich-Kwong-Soave EOS
with predictive Holderbraum mixing rules was used for streams mostly consisting of
CO, and H50O below the critical point. A detailed discussion regarding the selection of

the thermodynamic method and assumptions is available in [2, 41].

The upstream model units (upstream to the SOFC in Figure 2.2) in the steady-
state Aspen model of Base Case 1 including the gasifier, the air separation unit, the
scrubber, the water-gas shift reactor, and the Selexol process were modelled using the
parameters given in [2]. A multi-stage turbine was added to the end of the upstream
process (contained within the Syngas Cleanup Processes box in Figure 2.2) to bring
the syngas pressure down to 1 bar which is the operating pressure of the SOFC. The
isentropic efficiency of the multistage turbine was assumed constant of 88%. This
multi-stage turbine produced around 9% of the gross power production of the plant
(the total power production of the plant without subtracting any power consumption

in the plant). Therefore, a turbine characteristic curve (which correlates efficiency
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with power production) was not considered because it would only change within the
range of around 0.6% of the gross power production when it was considered. The
air blower was modelled by assuming a constant isentropic efficiency of 90%. An
efficiency characteristic curve was not considered for this unit since it consumed negli-
gible amount of electricity. The net power of the air separation unit, the air blower,
and the multi-stage turbine in the upstream process was considered as the parasitic
load to the plant, and it was around 0.3% of the net power production of the plant.

The heat exchanger was designed by assuming 10°C of minimum temperature approach.

The upstream part of the balance-of-plant model for Base Case 2 is the same as
Base Case 1. A steam bottoming cycle was added to the downstream in Base Case
2, which contains a water pump, heat exchanger (a steam generator using the heat
of the flue gas), a multi-stage steam turbine, a cooler, and a water tank. The steam
cycle was set up with the multi-stage steam turbine inlet conditions as 550°C and
100 bar. The multi-stage turbine was modeled with hot bypasses between the stages
to ensure 100% vapor fraction within the entire unit. Pump efficiency of 90%, 10°C
minimum temperature approach for the heat exchanger, and 89% isentropic efficiency
of steam turbines were assumed. The outlet pressure as well as the hot bypass ratio of
each stage in the multi-stage turbine was determined by using the optimization tool in
Aspen Plus. The objective of the optimization is to produce maximum power with the
constraints of 100% vapor fraction between the stages and at least 95% vapor fraction
in the outlet. By using the optimization tool, the optimal outlet pressure of the three
stages were found to be 24.7 bar, 4.7 bar, and 1.1 bar, with bypassing 7.7% of the

total steam to the medium pressure turbine.

For Base Case 3, the upstream process in the balance-of-plant model is almost
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the same as Base Case 1 except that the multi-stage turbine outlet was set to 4 bar
for the pressurized SOFC operating condition in Base Case 3. The net power and
electrical efficiency of the turbine and the compressor was computed by using the gas
turbine characteristic curve mentioned earlier. The recuperator was modeled as a heat

exchanger by assuming 10°C of minimum temperature approach.

Base Case 4 has the same upstream process and GT section as Base Case 3, and
the additional steam bottoming cycle was set up similarly to Base Case 2. However,
Base Case 4 cannot have the same operating conditions as Base Case 2, since the
heating value of the flue gas in Base Case 4 is much lower than that in Base Case
2. In Base Case 4, the inlet conditions to the multi-stage steam turbine was set to
254°C and 25 bar. Following the same optimization procedure as in Base Case 2,
the optimal outlet pressure of the three stages of the steam turbine in Base Case 4
were found to be 5.3, 3.3, and 1.1 bar, with bypassing 71.2% of the total steam to
the medium pressure turbine. Further optimization of this steam cycle with different

designs, configurations, operating conditions might be considered in future work.

2.2.3 Pseudo Steady-State Model Simulation

The four base cases were designed using a power scale of 550 MW net electricity
produced (combined AC and DC) and a plant lifetime of 30 years. Table 2.1 shows
the common conditions applied to all base cases, while Table 2.2 lists the simulation
variables for the SOFC models in Matlab Simulink for Base Cases 1 and 3. To simulate
these systems that have dynamic model parts and steady-state model parts, a pseudo

steady-state simulation approach was taken. A time step of one week for the pseudo
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steady-state simulation was chosen, because the SOFC degradation rate did not change
much (change within 0.5% relatively) within a week. By taking this pseudo steady-state
time step, we assumed that the dynamic behaviors of the dynamic models within a
week can be treated as steady-state at the starting point of the week. The dynamic
models were simulated in Matlab Simulink with input variables shown in Table 2.2,
either with their constant values or their initial values, and predicted variables. Data
were recorded with a sampling time of 0.08 hours, and the weekly data were retrieved
from this recorded data set and used for the pseudo steady-state simulations with
steady-state Aspen Plus models. The details of the simulation processes are given in

the following subsections.

Table 2.1: Conditions for all four base cases.

Net Power 550 MW
Plant lifetime 30 years
Initial FU (fuel utilization) 80%

Initial current density 0.5 A/cm?
SOFC Toy, 830°C
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Table 2.2: Variables used in the SOFC Simulink models for Base Cases 1 and 3. The
sparklines represent the trends during simulation, and — indicates constant value or

variable controlled at a constant setpoint.

Trend
Base Case 1: Base Case 3:
Standalone SOFC/GT Note
SOFC Hybrid
‘.\-“
Stack power — :
. \ Controlled or being affected
Operating Voltage — . .
. by other operating variables
variables ;
Current / e
density
Fuel . N
utilization
Average cell
— —
temperature
Turbine power e Predicted by reduced model
and efﬁcri)enc N/A ‘ To be matched by ouputs
y from Aspen Plus model
/! -
Fuel flow The outputs of Aspen Plus
Fuel . . simulations should match
temperature the values of these variables
Inlet .
. Fuel at each time step. Fuel flow
variables — — . .
pressure and air flow in Base Case 1,
Fuel . and fuel flow and air
composition temperature in Base Case 3
were manipulated by
Air flow — controllers. The others
. - were constant.
Air i
%
temperature
Air
— —
pressure
Combusted i .
fl . .
Outlet gas Low . Provided as inputs to
variables  Combusted gas / ‘-/' Aspen Plus model
temperature
Combusted gas
— —
pressure
Combusted gas
oy — —
composition

32



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

2.2.3.1 Control Strategy in Dynamic Model accounting for

Balance-of-plant Model

For Base Case 1, controllers embedded in the model were used to maintain a constant
net power output (550 MW, SOFC power subtracted by the parasitic load), a constant
FU, and a constant T (average cell temperature) throughout the simulation. A
reduced correlation was used in the dynamic model to predict the parasitic load
which should be computed by the Aspen Plus steady state model. The reduced
correlation was built by using data from the simulations of the dynamic model and
the steady-state model with the pseudo steady-state approach for a large number of
time steps. This reduced correlation predicted the parasitic load at each sampling
time for the net power controller. In Base Case 2, the FU and T were also kept at a
constant level, but the SOFC power production set point was decreased over time.
This is because the power produced by the steam bottoming cycle increases over time,
as did the heating value of the flue gas which increases as the fuel cells degrade (fuel
flow increased by the controller but FU stayed the same). Lowering the power set
point can lower the degradation rate and keep the net power production at 550 MW.
For the hybrid systems (Base Cases 3 and 4), the voltage and T were maintained
at a constant setpoint by the controllers. The SOFC stack’s power production was
controlled (decreasing setpoint) by estimating the parasitic load and the GT’s power
production (based on the heating value of the anode exhaust and the efficiency
characteristic curves as stated in previous section). This allowed for a constant net
power production of 550 MW in Base Case 3. For Base Case 4, it was somewhat more
complicated to incorporate increasing power production from the steam bottoming

cycle in estimations for the SOFC power controller since it was not easy to develop
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a reduced correlation between the steam power and the heating value of the flue
gas. As such, we used the same simulation results that were used in Base Case 3,
and we allowed the steam cycle produce to produce as much power as possible; we
then scaled down the entire plant to maintain an average net power of 550 MW. We
admitted this is not an effective way of modeling simulation, but it achieved the
objective of computing the e-TEA results with negligible errors. Future study can
focus on an model predictive controller that controls the setpoint of the SOFC power
by model-predicting the GT power, steam power, and parasitic load to maintain a

constant net power production of 550 MW.

2.2.3.2 Simulation Methodology

The simulation strategy involved a combination of Aspen Plus V10 simulations
and Matlab/Simulink simulations. In short, Matlab/Simulink was used to perform
dynamic simulations of the SOFC and post-combustor and Aspen Plus was used to
perform pseudo-steady state simulations of the balance of plant, in order to simulate
slow dynamics over long time periods (many years). A pseudo-steady-state assumption
is made such that the system is at steady state at the end of each timestep. Within
a given timestep, the Aspen Plus and Matlab/Simulink simulations are used for
different unit operations within the same process, including recycle. Therefore, within
a time step, an iterative solution is required to converge the flowsheet, analogous
to the tear-stream approach commonly found in sequential modular simulation
solvers. The dynamic portions of the model occur in Matlab/Simulink during a
timestep, where a new steady state is reached well before each one week timestep
has elapsed. The solution process was automated through Matlab scripts which kept

track of information, made function calls to Simulink or Aspen Plus, and handled the
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iterative flow sheet convergence algorithm. Because of the difficulty in interfacing with
Aspen Plus via Matlab, Python 3.7.4 was used as an intermediary between Aspen
Plus and Matlab, using a script that forwarded commands from Matlab to Aspen
Plus, and then returned the results from Aspen Plus back to the Matlab script in

the form of text files containing the necessary data. A more detailed description follows.

The flow of information during a simulation is shown in Figure 2.3 as an example. At
the beginning of each pseudo steady-state time step, the GT power, GT efficiency,
parasitic load, and inlet coal flow rate were guessed (as described later). The
dynamic simulation was run in Matlab Simulink using these guesses as well as the
results of certain variables of the previous Aspen Plus simulation as inputs to the
Simulink model, and assuming that they were held constant throughout the entire
weeklong timestep. These were the SOFC anode inlet fuel temperature, pressure, and
composition as well as the cathode inlet air flow rate and pressure. The fuel flow rate
and cathode feed air temperature were also taken from the Aspen Plus simulation
as an input to the Simulink model, but these were only used as initial conditions at
the beginning of the weeklong timestep. The dynamic model was then run using a
timestep size of 0.08 hours for a total run time of one week. During the dynamic
simulation, the GT power, GT efficiency, and the parasitic load were determined by
the Simulink model. The fuel flow rate and air temperature were manipulated by the

controllers as the simulation continued.

At the end of each weeklong time step, these variables were recorded (shown in in
Figure 2.3 as A1, B1, and C1). The values of key variables at the end of the weeklong
dynamic simulation (specifically the combusted gas flow, temperature, pressure,

and composition) and the guessed inlet coal flow rate were used as inputs for the
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Aspen Plus steady-state model, which was then simulated. The steady-state model
simulation results (A2, B2, and C2) were recorded and compared to the recorded data
(A1, B1, and C1) from the end of the weeklong dynamic model simulation. If there
is less than 0.005% relative error between the values of variable sets A2, B2, and
C2 determined by Aspen Plus and the variable sets Al, B1, and C1 determined by
Simulink, the weeklong timestep was accepted, and the next weeklong timestep begun.
If the error was too great, the timestep was rejected. Instead, new guesses for the
GT power, GT efficiency, parasitic load, and inlet coal flow rate were made, and the
dynamic simulations began anew. For brevity, the strategy used to generate guesses is
not detailed here. However, it involved the use of reduced models generated from a
large number of pre-runs which characterized the relationships between GT power, GT
efficiency, coal input flow rates, and other key variables. These reduced models were

quite effective such that only one or two iterations were necessary per weeklong timestep.

2.2.4 Eco-technoeconomic Analysis

The eTEAs were conducted using the standard cost and performance baselines
reported by the U.S. Department of Energy [42]. The price of the SOFC stack was
assumed to be $US 2,000/kW, while the cost of the Siemens SGT6-9000 gas turbine
used in Base Cases 3 and 4 was estimated based on the values reported in [43, 44]
(additional details are shown in the Appendix). All dollars shown in this work are
2018 U.S. dollars. The costs of steam cycles were estimated by scaling the costs of
similar cases in the baseline report with an assumed capacity factor of 0.6 [42]. The
cost of the heat exchangers was estimated based on a study conducted by Woods

[44], and assumed a shell-and-tube configuration made of 304 stainless steel [45]. The
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upstream process, coal (as fuel), and operating costs were estimated based on the
values in the baseline report [42]. The Chemical Engineering Plant Cost Index was
used to convert all costs to U.S. dollars in 2018, which served as the reference point for
the baseline report. The levelized cost of electricity (LCOE) and cost of CO, avoided
(CCA) were calculated using Eq.(2) and Eq.(3), and the net present value (NPV) was
calculated assuming a 5% inflation rate and a time-value-of-money interest rate of 10%

[42]. All references to CO4 emissions in this work refers only to the direct CO4 emissions.

When computing LCOE and CCA, we used the following definitions. First, we consider
the James et al. baseline Case B4A integrated gasification combined cycle (IGCC) coal
power plant without CO, capture as our reference point for comparison, which has
COy emissions of COy Emissiony, =751 kg CO2e/MWh of electricity and an LCOE
of LCOEy,se = $US 97.5/MWh [42]. Thus the LCOE and CCA was computed for the

four SOFC-based plants in this study as follows:

NPV,jant over the lifetime

LCOE ant — ; ; ; 2
plant = 4 otal power production over the lifetime )
LCOE ant LCOE ase
CCAplant = . . plant b . . (3)
COy Emissionpgse — COy Emissionpan:

Where the “plant” subscripts indicate one of the four plants considered in this work.
Note that this CCA definition implies that the assumed status quo is to construct
IGCC coal power plant with no carbon capture, and that by COs emissions would be
avoided by constructing one of the four power plants considered in this study instead
of an IGCC coal power plant. The reader is referred to [46] for an extensive dis-

cussion on why this formulation is the most appropriate choice for CCA in this context.
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In this work, the SOFC stack efficiency is defined as the stack DC power output
divided by the LHV of the syngas fuel it consumed. The overall system efficiency (net
efficiency) is defined as the DC power output of the SOFC stack plus the AC power
output of all gas and steam turbines minus the parasitic loads, divided by the LHV of

the coal entering the system.

2.3 Results and Discussion

Figure 2.4 shows the simulation results for the dynamic SOFC Simulink models, and
Figure 2.5 shows the simulation results for the entire plants, including the balance-of-

the-plant. Subplots a-d represent Base Cases 1-4.

As can be seen in Base Case 1, power production and fuel utilization were kept as
550 MW and 80%, respectively. The voltage dropped from the initial condition
of approximately 0.8 V, and the current density increased from 0.5 A/cm?. The
average temperature of the SOFC stack was maintained at around 830°C. Under
these operating conditions, the standalone SOFC was predicted to have a lifetime of
around 3132 hours (or around 19 weeks) before catastrophic breakage would occur.
Figure 2.5(a) shows the replacement of the SOFC stack every 19 weeks throughout
the plant’s 30-year lifetime. The stack efficiency dropped as the SOFC degraded
because the stack progressively required more fuel to produce the same amount of
power, while low plant efficiency was attributable to the high heating value of waste

gas leaving the system (flue gas stream in Figure 2.2(a)) that was not utilized.

In Figure 2.4(b), the power output in Base Case 2 (the standalone SOFC with a
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Figure 2.4: SOFC performance curves for Base Cases (1) — (4) in subfigures a through
d. Power and fuel flow can be read from the primary y-axis. Voltage, FU, and current
density can be read from the secondary y-axis.

steam cycle) slightly decreased over the system’s lifetime as controlled. However,
incorporating the power produced by the steam cycle made it possible to maintain a
net power of nearly 550 MW. This alteration increased the SOFC stack’s lifetime to
23 weeks, as the slight decrease in power output slowed the increase in current density,
which in turn slowed the degradation rate. Furthermore, plant efficiency increased
compared to Base Case 1, as the waste heat in the anode exhaust was reused by the

steam cycle.
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Figure 2.5: Plant performance curves of Base Cases (1) — (4) in subfigures a through
d. Power and efficiency can be read from the primary y-axis and secondary y-axis,

respectively.

The SOFC stack in Base Case 3 (SOFC/GT hybrid plant) was operated in constant
voltage mode to increase the lifetime of the SOFC. Although the simulation predicted
that the SOFC could be used for about 14 years before catastrophic breakdown
would occur, a practical regular replacement time of 351 weeks (6.7 years or about
59,000 hours) was selected because the fuel utilization dropped to 25% at this point
compared to 80% at the beginning of life. Additionally, the SOFC stack’s power

output decreased to around 150 MW at 25% fuel utilization, which is around 37.5%
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of its initial capacity (400 MW). Accordingly, the current density dropped from 0.5

2. The average temperature of the stack was

A/ecm? to approximately 0.19 A/cm
regulated at 830°C. Figure 2.5(c) shows the power load shifting from the SOFC
stack to the GT as the SOFC progressively degrades, which enables net power to be
maintained at 550 MW. The GT was designed to achieve maximum power capacity
at the end of the 351 week life cycle, gradually increasing in efficiency until it hits
42.6% (as designed [43]) at peak design performance. The net efficiency of the
entire system gradually decreased over time due to the power load shifting from
the more efficient SOFC stack to the less efficient GT. As shown in Figure 2.5, the

steam cycle produced much less power in Base Case 4 than in Base Case 2 due

to the lower exhaust-gas heating value in the former case (can also be seen in Figure 2.2).

Table 2.3 summarizes the key parameters used in the eco-techno-economic comparison
of the four base cases. SOFC stacks were purchased and replaced every 19 weeks
for standalone SOFC plant (Base Case 1), and every 351 weeks for the SOFC/GT
hybrid plant (Base Cases 3 and 4) over each respective plant’s 30-year-lifetime. The
standalone SOFC plant (Base Case 1) had higher first year capital costs than the
SOFC/GT hybrid plant (Base Case 3), as it required three 550 MW SOFC stacks
compared to only one 400 MW stack for the hybrid plant (Figure 2.6). Moreover, the
SOFC/GT hybrid plant (Base Case 3) had higher efficiency, lower costs, and lower
greenhouse gas emissions than the SOFC standalone plant (Base Case 1) over their
respective 30-year lifetimes. The SOFC/GT plant had a levelized cost of electricity
(LCOE) of $82/MWh, which is around 80% lower than that of the SOFC standalone
plant. Furthermore, the hybrid plant had a CO5 emissions rate of 493 kg/MWh, which
is around 27% lower than that of the standalone plant. Comparing between Base Case

1 and Base Case 2, it is evident that the addition of a steam bottoming cycle resulted
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in increased plant efficiency, which in turn led to a lower LCOE and CCA. This result
can also be observed in the data for Base Case 3 and Base Case 4, as the addition of
the steam bottoming cycle again increased efficiency and lowered the plant’s LCOE
and CCA. This implies that it would be worthwhile to add a steam bottoming cycle to
a SOFC/GT hybrid plant. As can also be seen, the CCA for Base Cases 3 and 4 had
negative CCAs, while Base Cases 1 and 3 had positive CCAs. This result indicates
that not only are SOFC/GT hybrid plants preferable to standalone SOFC plants from
an economic-environmental point of view, but the SOFC/GT hybrid plants are both
more profitable and less environmentally damaging than conventional coal power
plants. Similarly, even though the standalone SOFC with steam cycle plant is the
most energetically efficient and has the least CO5 emissions, it is not worth the high

replacement costs associated with frequent SOFC replacement.

Figure 2.6 shows the number of times the SOFC stacks in Base Cases 1 and 3 need to
be replaced each year over the system’s lifetime. As can be seen, the SOFC stack in
the SOFC/GT plant has a relatively long lifetime, only needing to be replaced every
6-7 years, while the stack in the standalone SOFC plant must be replaced 2-3 times
per year. Accounting for the number of stacks purchased every year instead of the
aggregate number required over the plant’s lifetime can reduce the capital investment,

especially for the SOFC standalone plant, because we considered net present value.
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Table 2.3: Results of key parameters of eTEA for all base cases.

BC 1 BC 2 BC 3 BC 4
SOFC SOFC with SOFC/GT SOFC/GT with
Standalone steam cycle Hybrid steam cycle
SOFC Stack Efficiency (LHV) 57.9% 57.7% 66.2% 66.2%
Overall Plant Efficiency (LHV) 30.7% 48.7% 41.6% 44.6%
First year Capital Cost $7,210 $5,077 $4,130 $3,942
($ Million)
Average Annual SOFC
Replacement Cost ($ Million) 83,037 81,601 $113 $105
Annual Material, Operating and
Maintenance Cost ($ Million) $501 $313 $367 $342
LCOE ($/MWh) $430 $241 $82 $77
COg2 Emission (kg/MWh) 674 422 493 460
CCA ($/tonneCOqe) $4,312 $436 -$59.1 -$69.2
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Figure 2.6: SOFC stack replacement frequency for Base Cases 1 and 3 over a 30 year
plant lifetime.

2.4 Sensitivity Analysis

The first sensitivity analysis examined SOFC lifetime in the SOFC/GT hybrid plants
(Base Case 3 and 4). As noted earlier, the lifetime of the SOFC in the hybrid plants
was chosen based on engineering judgement, with the stack replacement occurring
when FU dropped to 25%. The sensitivity analysis was performed to assess the impact
of changing the SOFC when FU dropped to 20% and 30%. This analysis requires each
system in each case to be redesigned, since the GT is designed to reach peak power
capacity and efficiency at the end of the SOFC’s lifetime; thus, replacing the SOFC at
20% FU necessitated a larger GT, while replacing it at 30% FU necessitated a smaller
one. The base case GT was a Siemens SGT6-9000HL, which has a power capacity
of 405 MW and a maximum efficiency of 42.6% gy [43]. A SGT5-8000H GT with
a power output of 450 MW and an efficiency of 42.6% v was selected for the case
wherein the SOFC was replaced at 20% FU. Conversely, two SGT5-2000E GTs, each

featuring a power output of 187 MW and an efficiency of 36.5% 51, were selected
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for the 30% FU case. The model simulations were then re-run, the results of which
are presented in Figure 2.7. The circles in the figure represent the results obtained
for the above-discussed GTs. As can be seen, the 30% FU condition for Base Case
3 resulted in the lowest plant efficiency, and therefore the highest LCOE and CCA.
This is because we could not find a real GT with the desired power production at the
replacement cut-off of 30% FU, which forced us to use two smaller, less efficient GTs
instead. Base Case 4 was minimally affected by the low efficiency GTs, as the steam
bottoming cycle was able to capture some of the waste heat not captured by the GTs.
Scaling simulations were also run using the assumption that the base case GT can
be scaled up and down for different power capacity while still retaining a maximum

efficiency of 42.6% v .

The results of these simulations are shown as triangle markers in the Figure 2.7. Clear
trends can be seen when the SOFC stack was replaced earlier (at 30% FU), with
greater plant efficiency resulting from the greater power load produced from the more
efficient SOFC over the plant’s lifetime. However, replacing the SOFC stack earlier
also resulted in worse LCOE and CCA values, which suggests that it is better to use a
larger GT and replace SOFC stack less frequently in SOFC/GT hybrid plants.

The second sensitivity analysis examined the effects of varying the SOFC price from
$US 1,000/kW to $US 8,000/kW (as the market price in North America [47]), with a
base case price of $US 2,000/kW. The results of this analysis are shown in Figure 2.8.
The standalone SOFC plant (Base Case 1) was strongly affected by SOFC price, while
the hybrid plants were less affected. The results also showed that it is not worthwhile
to switch from conventional coal power plants to SOFC power plants (even SOFC/GT

with steam cycle plant) when the SOFC price is $US 8,000/kW. The next step in this
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Figure 2.7: Sensitivity analysis results of various lifetime of SOFC stack for Base Cases
3 and 4.

work was to identify the SOFC price that results in a CCA of zero for Base Cases 3
and 4.
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Figure 2.8: Sensitivity analysis results of various SOFC prices for all four base cases.
Subplots (b) and (d) are the same plots of (a and (c), respectively, without showing
Base Cases 1 and 2 for clarity.

2.5 Conclusion and Future work

By studying the eTEA of the four proposed base cases, Base Case 4 (SOFC/GT
hybrid plant with steam bottoming cycle) was identified as the best design among the
four base cases. Base Case 4 had the lowest LCOE ($US 77/MWh) and lowest CCA
(-$US 69.2/tonneCOqe), indicating that Base Case 4 was the least costly to build and
the most environmentally friendly among the four base cases. The main reason is
that the SOFC lifetime in the hybrid cases (Base Case 3 and 4) was much longer (351
weeks) than those (19 weeks and 23 weeks) in the standalone cases (Base Case 1 and
2) due to the operation of constant voltage mode which had much slower degradation.

The much longer lifetime of SOFC resulted in much lower cost (SOFC stack replaced
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less frequently) over the lifetime. Moreover, the design with steam bottoming cycle
in Base Case 4 increased the overall plant efficiency when compared to Base Case
3. It was interesting that Base Case 2 had the highest overall plant efficiency as
48.7% v This is because the SOFC stack (the most efficient unit in the plant) in
Base Case 2 contributed the most amount of power to the total power production
over the 30-year-lifetime when compared to the hybrid cases (Base Case 3 and 4),
although the stack efficiency itself (57.7% v ) was lower than that in the hybrid cases
(66.2%rv). When compared to Base Case 1 (power production solely from the SOFC
stack), Base Case 2 had a steam bottoming cycle to capture the large amount of the
waste heat in the flue gas, which boosted the overall plant efficiency. However, Base
Case 2 had high values of LCOE ($US 241/MWh) and CCA ($US 436/tonneCOaqe),
which means that it was not economically or environmentally feasible. Therefore,
among the four base cases, the design of Base Case 4 was recommended for large-scale

power production with SOFC from an eco-techno-economic perspective.

The results of sensitivity analysis showed that using a larger GT and replacing the
SOFC stack less frequently would result in lower LCOE and CCA values for the hybrid
cases (Base Case 3 and 4) due to lower costs over the plant lifetime. However, this
sacrificed the overall plant efficiency as more power load was shifted from the more
efficient SOFC to the less efficient GT. Further optimization of finding the optimal
SOFC lifetime (or the replacement time) in the hybrid cases would be interesting to
explore in future work. The sensitivity analysis also showed that the SOFC price had
a greater impact on the standalone cases (Base Case 1 and 2) than the hybrid cases
(Base Case 3 and 4). Based on the sensitivity analysis results, the design of Base Case

4 was still recommended.
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This work illustrated the eTEA of SOFC/GT hybrid plants in comparison to SOFC
standalone plants accounting for long-term degradation. However, the degradation
was predicted solely on one model during simulations. This prevents us noticing
whether the eTEA results were too optimistic or pessimistic since no other references
of eTEA with degradation were available for comparison. Obviously performing eTEA
with no degradation considered would be too optimistic since the lifetime of SOFC
stacks would greatly increase and the costs would be much lower. Future eTEA studies

with different degradation models or different degradation rates would be desired.

Because this work is the first to examine how SOFC/GT systems perform better
in the face of long-term degradation, traditional steady-state power generation was
considered as the most suitable scope for the analysis. Future work could examine
enhanced and more complex systems in the long-term degradation context by
considering additional features presented recently such as organic Rankine cycles,
chillers for cold production, integrated wind and solar systems [48], or energy storage
features such as compressed air energy storage [49] and batteries [50] for use in
a load-following application. It is not yet known how well these systems might

perform or how they may need to be modified when long-term degradation is considered.

Simulation Files

Models and codes related to this work have been released to the public in LAPSE

(http://PSEcommunity.org/LAPSE:2020.0904).
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Nomenclature

AC Alternating Current

CCA  Cost of CO5 Avoided

CCHP Combined Chilling, Heating, and Power
DC Direct Current

EOS Equation Of State

eTEA  Eco-technoeconomic Analysis
FU Fuel Utilization

GT Gas Turbine

LCOE Levelized Cost of Electricity
LHV  Lower Heating Value

SOFC  Solid Oxide Fuel Cell

YSZ Yttria-stabilized Zirconia
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Appendix

The following cost assumptions were used in this analysis, beyond those discussed in
the main text. Standard power law relationships were used to model capital costs as
follows, with basis years noted. CEPCI values were used for upscaling costs to 2018
(CEPCI for 2018=603.1, 2016=541.7, 1970=123). See main text for discussion and

references.

e Gas turbine system (turbine 4+ compressor + recuperator): exponent of 0.6 and basis

of 73 million $US2016 for a 268 MW turbine

e Steam turbine system (turbine + boilers + pump): exponent of 0.6, basis of

3408US2017/kW
e Blower: 5120$US1970 for 30 kW system, 0.55 exponent
o Primary heat exchangers: 8000$US1970 for 100 m? surface area, 0.71 exponent

o Coal gasification system (coal handling, gasification, treatment, cleaning, and syngas
preparation for anode feed): about 2.7 billion $US2018 for feed rate of about 135 tonne

coal per hour, 0.6 exponent

o Fixed operating costs (complete system): about 116 million $US2018 for feed rate of

about 135 tonne coal per hour, 1.0 exponent

e Variable operating costs (complete system): about 81 million $US2018 for feed rate of

about 135 tonne coal per hour, 1.0 exponent

o Fuel costs (coal): 71.9$US2018 per tonne (as received)
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Sample stream conditions for Case 2 and Case 4 are given in Tables 2.A.1 and

2.A.2, respectively. The reader can find more detailed stream information for addi-

tional substreams and cases at the LAPSE link provided in the Simulation Files section.

Table 2.A.1. Sample stream conditions of Case 2 near the end of the cell life (about

22 weeks), with stream numbers corresponding to Figure 2.2.

Stream
Temp (°C)
P (bar)
F (kmol/s)
H>,O
02
N
AR
CcO
COq
H,
NH;
COS
H,S
HCL

CHy

1 2 3

15 16 690

1.0 1.0 1.0

43.71 43.71 43.71

0.210 0.210 0.210

0.790 0.790 0.790

1204

1.0

47.95

0.074

0.152

0.721

677

1.0

47.95

0.074

0.152

0.721

170

1.0

47.95

0.074

0.152

0.721

7
210
55.0
6.47
0.320688
trace
0.0070
0.0063
0.270
0.120
0.268
40 ppm
227 ppm
5661 ppm
623 ppm

682 ppm

586
1.0
6.13
0.024649
trace
0.0065
0.0067
0.012
0.393

0.557

24 ppm

720 ppm
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Table 2.A.2. Sample stream conditions of Case 4 near the beginning of the cell life

(about 2 weeks), with stream numbers corresponding to Figure 2.2.

Stream 1 2 3 4 5 6 7 8 9 10
Temp (°C) 15 182 690 957 274 220 210 641 957 705
P (bar) 1.0 4.1 4.1 4.1 1.0 0.9 55.0 4.0 4.1 1.0

F (kmol/s) 34.66 34.66 34.66 38.55 38.55 38.55 5.76 5.45 38.55  38.55

H,O - - - 0.082 0.082 0.082 0.321 0.025  0.082 0.082
Oq 0.210 0.210 0.210 0.148 0.148 0.148  trace trace  0.148 0.148
Ny 0.790 0.790 0.790 0.711 0.711 0.711  0.007 0.007  0.711 0.711
AR - - - - - - 0.006 0.007 - -
(6{0) - - - - - - 0.270 0.012 - -
COq - - - 0.059 0.059 0.059 0.120 0.393  0.059 0.059
H, - - - - - - 0.268 0.557 - -
NH; - - - - - - 40 ppm - - -
COS - - - - - - 0.000 - - -
H,S - - - - - - 0.006 24 ppm - -
CLs - - - - - - trace trace - -
HCL - - - - - - 0.001 - - -
CHy - - - - - - 0.001 0.001 - -
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Chapter 3

Eco-technoeconomic Analyses of
NG-powered SOFC/GT Hybrid
Plants Accounting for Long-term
Degradation Effects via
Pseudo-steady-state Model

Simulations

The content of this chapter has been submitted in the following peer-reviewed journal
(in review after minor changes):

Lai, H., and Adams IT, T. A., 2022, “Eco-technoeconomic analyses of NG-powered SOFC/GT
hybrid plants accounting for long-term degradation effects via pseudo-steady-state model

simulations,” J. Electrochem. Energy Convers. Storage. (In review, JEECS-22-1137)
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Eco-technoeconomic Analyses of NG-powered
SOFC/ GT Hybrid Plants Accounting for Long-
term Degradation Effects via Pseudo-steady-state
Model Simulations

Haoxiang Lai® and Thomas A. Adams I1%*
a McMaster University, Department of Chemical Engineering, Hamilton, ON, Canada

* Corresponding Author. tadams@mcmaster.ca

Highlights

» Solid oxide fuel cell and gas turbine hybrid systems compared against standalone solid

oxide fuel cell
o Considers long-term degradation effects
o Natural gas powered systems
e Eco-technoeconomic analyses

o Hybrid systems have lower costs and lower CO2 emissions

Abstract

In this study, four solid oxide fuel cell (SOFC) power plants, with natural gas (NG) as
the fuel source, that account for long-term degradation were designed and simulated.
The four candidate SOFC plants included a standalone SOFC plant, a standalone
SOFC plant with a steam bottoming cycle, an SOFC/GT (gas turbine) hybrid plant,

and an SOFC/GT hybrid plant with a steam bottoming cycle. To capture dynamic
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behaviors caused by long-term SOFC degradation, this study employed a pseudo-
stead-state approach that integrated real-time dynamic 1D SOFC models (degradation
calculation embedded) with steady-state balance-of-plant models. Model simulations
and eco-technoeconomic analyses were performed over a 30-year plant lifetime using
Matlab Simulink R2017a, Aspen Plus V12.1, and Python 3.7.4. The results revealed
that, while the standalone SOFC plant with a steam bottoming cycle provided the
highest overall plant efficiency (65.0%pv ), it also had high SOFC replacement costs
due to fast degradation. Instead, the SOFC/GT hybrid plant with a steam bottoming
cycle was determined to be the best option, as it had the lowest levelized cost of

electricity ($US 35.1/MWh) and the lowest cost of CO5 avoided (-3US100/tonneCOqe).

Keywords: Solid oxide fuel cell, SOFC/GT hybrid, eco-technoeconomic analysis,

long-term degradation

3.1 Introduction

Solid oxide fuel cells (SOFCs) produce electricity through electrochemical reactions
by utilizing fuel gasses including, but not limited to, hydrogen gas, syngas, and
natural gas. SOFCs are considered a next-generation power production technology
that can provide greater efficiency and lower green house gas emissions compared to
conventional power plants [1]. However, the large-scale commercialization of SOFCs is
limited, as their lifetime is constrained due to degradation. In constant power output
operation mode—also known as baseload power production—SOFC degradation
occurs quickly as a result of the increasing current density (to maintain a constant

power output) [2,3]. One approach to overcoming these degradation issues is to slow
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the degradation rate by developing new materials that degrade more slowly [4], while
another option is to keep the existing materials, but change the operating strategies

or conditions [2].

Previous findings have shown that operating an SOFC in constant voltage mode
instead of constant power mode can slow its degradation and significantly increase its
lifetime. The strategy behind using constant voltage mode is to allow the current
density to decrease over time, thereby slowing degradation [2]. However, as the current
density decreases, the power output also decreases, which is not useful for baseload
power production. In addition, fuel utilization also decreases over time in constant
voltage mode, which causes the heating value of the anode exhaust gas stream from
the SOFC to increase. SOFC/GT hybrid systems are predicated on using a gas
turbine (GT) to capture this growing output of surplus chemical energy and using it
to produce power. Integrating a GT into the SOFC system is advantageous, as it
allows the SOFC stack to be operated in constant voltage mode, which slows SOFC
degradation, and provides a means of harnessing the unspent fuel from the SOFC
exhaust to compensate for the decline in power output as the SOFC ages. Thus, the
net outcome is a (near) baseload power system wherein the power load gradually
shifts from the SOFC to the GT [5]. Furthermore, the lifetime of the SOFC stack in
a hybrid system in constant voltage mode can be more than ten times longer than
the lifetime of an SOFC stack in a standalone system operated in constant power
mode [6]. The SOFC/GT hybrid concept has been the focal point of various types of
studies, including modeling and control [7-9], efficiency and exergy analysis [10-12],
system optimization [13-17], and techno-economic analysis [18-21]. However, very few

of these studies have accounted for long-term degradation in their model simulations.
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Researchers have developed different SOFC degradation models for various degradation
mechanisms including Ni coarsening and oxidation [22-25] and sulfur poisoning
[3,26,27]. On the other hand, researchers have also conducted a number of degradation
studies focusing on different SOFC components, such as the anode [22,26,28-30],
cathode [31,32], electrolyte [33,34], and interconnects [35]. Recently, Naeini et al.
developed a degradation model that integrates existing models of most degradation
mechanisms in the literature, including Ni coarsening and oxidation, sulfur poisoning,
and changes in anode pore size, conductivity, and electrolyte conductivity [36]. Instead
of focusing on the degradation mechanisms, Abreu-Sepulveda et al. examined how
operating conditions such as current density and fuel utilization in real-time operation
impact the overall SOFC degradation rate [37]. Subsequently, Zaccaria et al. upgraded
Abreu-Sepulveda et al’s model to account for temperature effects as well as local
behaviours [38]. For this work, we have selected the degradation model developed by Za-
ccaria et al. [38], which is an empirical model derived from experimental data for SOFC
standalone and SOFC/GT systems. Thus it is most suitable for our application. A

comparison of the degradation models in the literature is outside the scope of this work.

In our previous work, we designed and conducted eco-technoeconomic analyses
(eTEASs) of coal-powered SOFC/GT hybrid plants and standalone SOFC plants
accounting for long-term degradation effects [6]. With the exception of our prior work
using coal, we are unaware of any eTEAs of SOFC/GT hybrid plants that consider
long-term degradation effects over the plant’s lifetime. Systems that incorporate the
SOFC/GT concept have been studied with respect to one or more of the following
topics: economy, energy, exergy, thermal management, and environment [21, 39-43].
However, all of these works assumed the use of a steady-state system and did not

consider long-term degradation. We believe that long-term degradation plays an
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important role in the eTEA of SOFC/GT hybrid systems, as it strongly affects the
performance and the lifetime of the SOFC, especially when a long period of time is
considered (e.g., a 30-year plant lifetime). Moreover, when considering long-term
SOFC degradation, it is important to consider that the GT’s power production
increases over time; as such, the GT should be designed to reach its maximal efficiency
and power capacity at the end of the SOFC’s lifetime. To this end, a GT characteristic
curve should be used, as the GT’s power and efficiency change with load. The
dynamic behaviors of the SOFC and the GT in a hybrid system affect the eTEA
results and cannot be captured by steady-state simulations. In our previous study, we
utilized a pseudo-steady-state approach—which integrated both dynamic models and
steady-state models—to capture the dynamic behaviors of SOFC/GT plants and to
conduct an eTEA of coal-powered SOFC/GT plants and standalone SOFC plants
[6]. In the present study, we build on our previous eTEA by examining large-scale
SOFC/GT hybrid plants and standalone SOFC plants that use natural gas (NG)
rather than coal as the fuel source, while also considering the effects of long-term
degradation. To conduct our analysis, we designed several different NG-powered
standalone SOFC plants and SOFC/GT plants and subjected them to simulations.
In the dynamic simulations, controllers were upgraded from the previous work to

increase system stability. The modeling process is detailed in the next section.

65



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

3.2 Process Modeling

3.2.1 Process Overview

Four base cases were selected for the long-term e-TEA studies: Base Case 1—stan-
dalone SOFC plant; Base Case 2—standalone SOFC plant with a steam bottoming
cycle; Base Case 3—SOFC/GT hybrid plant; and Base Case 4—SOFC/GT hybrid
plant with a steam bottoming cycle. The process flow diagrams for the four base cases

are shown in Figure 3.1.

As shown in Figure 3.1(a), Base Case 1 has two main components: an SOFC stack
with a post-combustor, and an upstream syngas production process. The upstream
syngas process produces raw syngas by reforming natural gas from the natural gas
pipeline. Table 3.1 shows the conditions of the natural gas received from the pipeline
[44]. Once the raw syngas has been produced, it is converted to hydrogen-rich syngas
(around 60 mol% Hs) using water-gas shift reactors. Although SOFCs can directly
take CH4 as a fuel source, findings have shown that degradation can be slowed by
using fuel gas with lower concentrations of CH4 and higher concentrations of Hy. Since
the SOFC stack is operated at near atmospheric pressure, a multi-stage turbine is
employed to reduce the anode upstream pressure and to produce extra power. The
exhaust gas from the post-combustion provides heat for the inter-heater in between
the turbines, as well as for the cathode inlet air stream. Base Case 2 (Figure 3.1(b))
is identical to Base Case 1, except a steam bottoming cycle has also been added to
capture the waste heat from the exhaust gas to produce extra power. The steam
bottoming cycle consists of a water tank, a pump, a steam generator (heat exchanger

between the flue gas and water), a multi-stage steam turbine, and a condenser.
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Table 3.1: Assumed conditions of natural gas obtained from the pipeline [44]

Pressure 3 MPa

Temperature 27°C

Composition (molar)

CH, 0.931
CoHg 0.032
C5Hg 0.007
CyaHig 0.004
CO, 0.010
N, 0.016

The SOFC/GT hybrid plant (Base Case 3, Figure 3.1(c)) consists of three main
components: an SOFC stack with a post combustor, an upstream syngas production
process, and a gas turbine equipped with a compressor and recuperator. The SOFC
portion and the upstream syngas process are almost identical to those in Base Case 1;
however, the hybrid plant in Base Case 3 requires a single-stage in the upstream, as
the SOFC stack is operated at 4 bar. Cold air bypass streams are designed to control
the cathode inlet temperature and the gas turbine inlet temperature. Base Case
4 (Figure 3.1(d)) utilizes the same design as Base Case 3, only it also features the

addition of a steam bottoming cycle.
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3.2.2 Plant Models

A dynamic SOFC model and a steady-state balance-of-plant model were developed
for each base case. The reason for choosing this hybrid modeling approach rather
than completely dynamic modeling or completely steady-state modeling was that the
dynamic behaviors of the SOFC (due to degradation) is vital for the eTEA while
the dynamic behaviors of the balance-of-plant have insignificant impacts. Developing
dynamic models for the balance-of-plant is out of the scope of this study. Instead,
we took a pseudo-steady-state approach to integrate and simulate the dynamic
SOFC model and the steady-state balance-of-plant model, which will be described
in later section. The dynamic SOFC models contained the SOFC stack and the
post combustor and provided real time calculations of thermal and electro-chemical
changes in the SOFC, as well as degradation. The steady-state balance-of-plant
models included everything shown in Figure 3.1, with the exception of the SOFC
stack and the post-combustor. For instance, the balance-of-plant model for Base Case
1 included the reformer, water-gas shift process, multi-stage turbine, air blower, and

heat exchangers.

3.2.2.1 Dynamic SOFC Model

The dynamic SOFC model used in this work is one-dimensional real-time model of a
co-flow, planar anode-supported SOFC with an Ni-doped yttria-stabilized zirconia
(YSZ) anode, a YSZ-lanthanum strontium magnetite cathode, and a YSZ electrolyte
[38]. This model employs the finite difference and finite volume methods to calculate
the SOFC’s real-time thermal and electrochemical properties, respectively. The SOFC

cell was discretized into 20 nodes (20 control volumes) along the direction of the gas
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flow, as a prior sensitivity study determined this to be the optimal number of nodes
with regard to the trade-off between numerical complexity and model accuracy. For
each node (control volume), characteristic variables such as current density, Nernst
potential, temperature, and fuel composition were calculated at each sampling time.
Details on the model equations, the experimental data used to develop the model, and

model validation are provided in [37,38,45-47].

_ 089FU +0.74 4

= T—1087
1+ exp 555

-1 (1)

Ta

Equation (1) describes the effect of degradation on the SOFC in the model, where
rg, FU, T, and i represent the degradation rate (in %/(1000h)), fuel utilization (in
fraction), temperature (in K), and current density (in A/cm?), respectively. This
equation was derived via regression analysis and extrapolation using prior experimental
data. The process used to obtain Eq.1 is described in greater detail in [37,38]. The
degradation rate is calculated in terms of percent of voltage drop per thousand hours,
and is used to calculate the effect of degradation on ohmic resistance and cell voltage.
The model was implemented in Matlab Simulink R2017a and subsequently modified

and augmented with upgraded controllers.

The dynamic model of Base Case 1 has three feedback controllers: an SOFC power
output controller that manipulates the SOFC load (current); an SOFC fuel utilization
controller that manipulates the anode inlet fuel flow rate; and an SOFC average cell
temperature controller that manipulates the cathode inlet air flow rate. A different
control strategy was implemented in Base Case 3, which included: a feedback net

power controller that manipulates the anode inlet fuel flow rate; a feedback voltage
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controller that manipulates the SOFC load (current); and a feedforward SOFC average
cell temperature controller that manipulates the cold air bypass valves (thus adjusting
the cathode inlet air temperature). As the SOFC degrades over time, the amount of
unspent fuel in the anode exhaust increases, which results in a corresponding increase
in the post-combustor exhaust temperature. This is a concern, as, without proper
controls, this can eventually result in the gas turbine inlet temperature rising to
unacceptable levels. Thus, the cold air bypass streams manipulated by the controllers
help to ensure that the gas turbine inlet temperature and the SOFC average cell

temperature remain in acceptable ranges.

In Base Case 3, the net power controller moderated the net power of the system
by using the predicted gas turbine power production to determine the adjustment
of the anode inlet fuel flow rate (which affects the power production of both the
SOFC and the gas turbine). However, as the SOFC degrades, the fuel flow rate
and the heating value of the post-combustor exhaust change, which affects the
power and efficiency of the gas turbine due to off-design operations. As such, a gas
turbine characteristic curve correlating efficiency with power production for off-design
operations was employed to predict the GT’s power production while also accounting
for off-design efficiency changes in different operating conditions (heating value of the
gas turbine inlet stream). As this curve was generated using proprietary data from a
turbine manufacturer (Siemens), it cannot be released for intellectual property reasons.
However, this curve was embedded in the model and grouped with other information
for reproduction purposes, which will be explained in section 2.3.1. Base Case 2
and Base Case 4 used the same control strategies as Base Case 1 and Base Case 3,
respectively. All controllers used in this work were proportional-integral-derivative con-

trollers, with manual tuning techniques being used to determine the tuning parameters.
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3.2.2.2 Steady-state Balance-of-plant Model

For each base case, the balance-of-plant, which includes every unit (as shown
in Figure 3.1) except the SOFC stack and the post-combustor, was modeled in
Aspen Plus V12.1. The advantage of modeling the balance-of-plant in Aspen
Plus is that it reduces modeling complexity while still providing representations
of the system and equipment sizes that are sufficient for conducting the eTEA.
In Aspen Plus, the Peng-Robinson equation of state was used along with the
Boston-Mathias modification for most of the units except that the NBC/NRC steam
tables were used for pure water streams. A detailed discussion on the selection

of the thermodynamic method and the accompanying assumptions is available in [48,49].

The balance-of-plant model for Base Case 1 included the reformer, water-gas shift
reactors, upstream multi-stage turbine, air blower, and heat exchangers and pumps
responsible for heat management and steam generation (for the water-gas shift).
The isentropic efficiency of the multi-stage turbine was assumed to be 88% without
considering a turbine characteristic curve. The turbine accounted for around 12% of
the plant’s gross power production, which refers to the plant’s total power production
before subtracting any power consumption. A turbine characteristic curve was not
implemented in this case because it would increase the model’s complexity while only
altering the gross power production by around 0.6%. The air blower was assumed to
have a constant isentropic efficiency of 90%. Since the blower consumed a negligible
amount of electricity, an efficiency characteristic curve was not considered. The heat
exchangers were designed by assuming a minimum temperature approach of 10°C. The

net power of the balance-of-plant contributed around 9% of the entire plant’s net power.
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The balance-of-plant model for Base Case 2 included all the same units as the Base
Case 1 model, along with a steam bottoming cycle. The steam cycle consisted of a
water pump, a heat exchanger (a steam generator that uses heat from the flue gas), a
multi-stage steam turbine, a cooler (condenser), and a water tank. The steam cycle
was operated with the multi-stage turbine inlet steam conditions set to 550°C and
100 bar, with hot bypasses between the stages to ensure 100% vapor fraction within
the entire turbine unit. It was assumed that the pump had 90% efficiency, the heat
exchanger (the steam generator) had a minimum temperature approach of 10°C, the
condenser had 5°C of subcooling, and the steam turbines had 89% isentropic efficiency.
The outlet pressure and hot bypass ratio of each stage in the multi-stage turbine were
determined using the optimization tool in Aspen Plus in an attempt to maximize
power production while still achieving 100% vapor fraction between the stages and at
least 95% vapor fraction in the outlet stream. The optimal outlet pressures of the
three stages were determined to be 24.7 bar, 4.7 bar, and 1.1 bar, with bypass ratios of
8% and 2% of the total steam to the medium- and low-pressure turbines, respectively.
Similar to the upstream turbines, a characteristic curve was not implemented in steam
turbines because it would increase the model’s complexity while only altering the

gross power production by around 1.3%.

The upstream process in the Base Case 3 balance-of-plant model was almost identical
to Base Case 1, except the Base Case 3 model only used a single-stage turbine, as the
SOFC stack was operated at a pressure of 4 bar instead of 1 bar. The net power and
electrical efficiency of the gas turbine (including the compressor) was determined using
the aforementioned gas turbine characteristic curve. In addition, a heat exchanger

model was used to represent the recuperator by assuming a minimum temperature
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approach of 10°C.

The balance-of-plant model for Base Case 4 was largely the same as the Base Case 3
model, except it also included a steam bottoming cycle with a similar set up to the
one used in Base Case 2. Since the heating value of the flue gas in Base Case 4 was
much lower than that of Base Case 2, the inlet steam conditions to the multi-stage
steam turbine were set to 294°C and 25 bar. Additionally, the same optimization
approach that was used for Base Case 2 was applied in Base Case 4, which yielded
optimal outlet pressures of 5.3, 3.3, and 1.1 bar for the three steam turbine stages,

with a bypass ratio of 35% of the total steam to the medium pressure turbine.

3.2.3 Pseudo Steady-state Model Simulation

To perform model simulations for the eTEA, the conditions for the four base cases are
summarized in Table 3.2, which are the same for all four cases. The four base cases
were designed with a net electricity production of 550 MW (combined AC and DC)
and a plant lifetime of 30 years. The SOFC average cell temperature for each case
was regulated at 830°C by the controllers described in Section 2.2.1. The dynamic
models were simulated using input variables (either their constant values or their
initial values) and predicted variables, which are presented in Table 3.3. Base Case 1
utilized an SOFC stack operated in constant power mode; however, the stack power
allowed for a small and slow drop (around 1.8%) over the cell’s lifetime in order to
maintain constant net power production for the entire plant. The model simulations
were conducted by integrating the dynamic model parts and steady-state model parts

with a pseudo steady-state approach. A time step of one week was selected for the
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pseudo steady-state simulation, as the SOFC degradation rate did not change much
(change within 0.5% relatively) during this time interval. It was assumed that the
dynamic behaviors of the dynamic models within a weekly time step could be treated
as steady-state at the start of the time step. The simulation data from the dynamic
models were recorded with a sampling time of 0.08 h, and the weekly data was then
collected and used to run the simulations for the steady-state models. The simulation

processes are described in detail in the following subsections.

Table 3.2: Conditions for all four base cases

Net Power 550 MW
Plant lifetime 30 years
Initial FU (fuel utilization) 80%
Initial current density 0.5 A/cm?
SOFC Ty 830°C
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Table 3.3: Variables used in the SOFC Simulink models for Base Cases 1 and 3. The
sparklines represent the trends of each variable over time during simulation along with
their relative change ranges. (for example, the stack power in Base Case 1 decreased by
1.8% over the lifetime of the SOFC) — indicates a constant value or variable controlled

at a constant setpoint.

Trend
Base Case 1: Base Case 3:
Standalone SOFC/GT Note
SOFC Hybrid
Stack N L8% ‘ 1%
ack power .8% e 0
Operating Voltage \ 20% N Controlled or being affected
variables Current by other operating variables
dommity s N 1%
el - . 76%
utilization =
Average cell -
temperature - | 2.4%
Turbine power — Predicted by reduced model
and efficiency N/A ! To be matched by ouputs
from Aspen Plus model
67%(power)
31% (efficiency)
Fuel flow / 22% o 25%  The outputs of Aspen Plus
Fuel simulations should match
Inlet temperature - - the values of these variables
bl Fuel at each time step. Fuel flow
variabies ressure — — and air flow in Base Case 1,
P Fuel and fuel flow and air
composition - - temperature in Base Case 3
were manipulated by
Air flow // 28% - controllers. The others
Air . i/ =] 17% were constant.
temperature
Air . .
pressure
Combusted / 27% / - 1.7%
Outlet Con%iisf‘iczg gas B Provided as inputs to
variables / 0.8% ' 44%  Aspen Plus model
temperature
Combusted gas - .
pressure
Combusted gas N .
composition
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3.2.3.1 Control Strategy in Dynamic Model Accounting for

Balance-of-plant Model

The control strategy in Base Case 1 aimed to maintain a constant net power output
(the net power of the SOFC and the balance-of-plant), a constant FU, and a constant
T (SOFC average cell temperature). The power controller in the dynamic model
adjusted the SOFC power to follow a decreasing trajectory such that the system
could achieve constant net power with the addition of the power produced by the
balance-of-plant. This outcome is possible due to the fuel flow rate increasing as the
SOFC degrades over time, which in turn causes an increase in the power produced
by the upstream multi-stage turbine. This decreasing SOFC power trajectory was
determined manually through an iterative approach. The trajectory was described
using second order polynomial with respect to time. The coefficients of the polynomial
were first guessed using information from preliminary simulations, and then iteratively
refined by running additional simulations with repeatedly updated coefficients. Only
a few iterations were required to reach a final trajectory which achieves essentially
constant net system power output (with small variations) as determined by visual

inspection.

As can be seen in Table 3.3, the power setpoint trajectory entailed a slow decrease
in the SOFC’s power over its lifetime, while maintaining the plant’s net power at
550 MW. Base Case 2 had the same control strategy as Base Case 1, only it used
a different second order polynomial trajectory for the power controller setpoint. In
Base Case 2, the steam bottoming cycle also contributed to the balance-of-plant
power production by harnessing the increasing heating value of the SOFC’s exhaust

stream as the SOFC degraded. Following a similar process to Base Case 1, the second
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order polynomial trajectory for the power controller in Base Case 2 was determined

iteratively as well.

The control strategy used in Base Case 3 entailed maintaining a constant net power, a
constant voltage, and a constant T. In this SOFC/GT hybrid plant, the SOFC power
decreased as it degraded, but the voltage was kept constant (Table 3.3). On the other
hand, the GT harnessed the increasing heating value of the SOFC exhaust stream,
allowing it to increase in its power output and efficiency (calculated according to the
embedded turbine characteristic curve discussed earlier). In the dynamic model, the
net power controller manipulated the anode inlet fuel flow based on information about
the power produced by the balance-of-plant (mainly consisting of the power from the
GT and upstream turbine) in order to obtain the SOFC power required for achieving
a constant net plant power. A model-based controller was used for determining the
SOFC power setpoint based on the heating value of the SOFC exhaust to try to achieve
550 MW net power. The model-based controller considered information about the
GT characteristic curve, heating value of the SOFC exhaust, upstream turbine power,
compressor parasitic loads, and pump parasitic loads. This significantly outperformed
a PID controller. Refer to Appendix A in the supplemental material for details. The
control strategy used in Base Case 4 was the same as in Base Case 3, except that
the balance-of-plant power also included the power produced by the steam bottoming

cycle.

3.2.3.2 Simulation Methodology

The model simulation of each base case involved a combination of dynamic model
simulation of the SOFC stack and post-combustor in Matlab Simulink and steady-state

model simulation of the balance-of-plant in Aspen Plus. To capture the slow dynamics
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due to SOFC degradation over a long time period, a pseudo steady-state approach was
employed for the combination of dynamic and steady-state model simulations. During
the pseudo steady-state simulations, the conditions of certain streams connecting
the dynamic SOFC model and the steady-state balance-of-plant model should be
consistent. For instance, in Base Case 4, the conditions of streams 3, 4, and 8 (Figure
3.1) computed by the dynamic and steady-state models should be consistent for each
time step. Similarly, variables such as the GT power predicted by the dynamic model
and the actual GT power computed by the steady-state model should be consistent for
each time step. Therefore, an iterative solution is required to converge the combined
simulation of the dynamic model and steady-state model for each time step. Solution
algorithms were developed as Python (Python 3.7.4) scripts and Matlab scripts to
automate the entire simulation for each base case. Specifically, the Matlab script was
employed to initiate the dynamic Simulink model simulation, record the resultant data,
and save the data as text files that could be read by the Python script. On the other
hand, the Python script read the data from Matlab, initiated the steady-state Aspen
Plus model simulation, and then recorded and checked whether the simulation results
from the dynamic and steady-state models matched within a certain error tolerance.
In addition to the pseudo steady-state simulation, the initial conditions of the
dynamic model for each case were changed and tested such that the initial current den-

sity, initial voltage, and initial fuel utilization were approximately the same for all cases.

Figure 3.2 shows the information flow between the dynamic model and the steady-state
model at one pseudo steady-state time step for Base Case 3. As can be seen, some
inlet variables (box Al, Figure 3.2) were constant through every time step, including
the temperature, pressure, and composition of the inlet fuel stream (stream 8, Figure

3.1), as well as the flow rate and pressure of the inlet air stream (stream 3, Figure
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3.1). At one pseudo-steady-state time step (each pseudo-steady-state time step is
one week long), the dynamic simulation in Matlab Simulink began the simulation by
using the reduced model to estimate the GT’s power and efficiency, as well as the
total balance-of-plant power. The dynamic simulation ran using a fixed stepsize of
0.08 h with ode4 as the chosen integrator. The controllers manipulated the inlet fuel
flow rate, the cathode inlet air temperature, and the SOFC load (current density)
to achieve the desired set points for net power, SOFC average cell temperature,
and voltage, respectively. During the simulation, operating and outlet variables,
including SOFC stack power, voltage, current density, fuel utilization, average cell
temperature, combusted gas flow rate, combusted gas temperature, combusted gas
pressure, and combusted gas composition, were computed. These outlet variables, as
well as the variables shown in boxes Al, B1, and C1 in Figure 3.2, were recorded
for every 0.8 h sampling interval within the week-long pseudo steady-state time step.
The data for the 5th hour of the pseudo steady-state time step were selected to
represent the slow dynamics of the system as a pseudo steady-state, and were used
for the balance-of-plant model simulations. These steps were completed by a Matlab
script with a function that called Matlab Simulink for the dynamic simulation. The
pseudo steady-state data, which were recorded as .csv files by the Matlab script, were
then used by a Python script that called Aspen Plus for the balance-of-plant model
simulation. The outlet variables from the Simulink model (such as combusted gas
flow rate, combusted gas temperature, combusted gas pressure, and combusted gas
composition as stream 4 in Figure 3.1) were taken as inlet variables for the Aspen
Plus balance-of-plant model. The GT isentropic efficiency in the Aspen model was
specified using a reduced model that correlated the GT isentropic efficiency with the
GT efficiency predicted in the dynamic model simulation. The inlet natural gas flow

rate was also estimated using a reduced model that predicted the natural gas flow

80



meerimg

ty - Chemical Engi

1versl

McMaster Un

Ph.D. Thesis - Haoxiang Lai

[epow dje1s

A

(yueysuoo) wonrsodwoos ses pajsnqruor)

(Jueisuoo) anssaid seg pasnquio))

-Aped)s snid uadsy

A 4

Mo} sed [eanjeu
Jo1UT AJeWnSY

A 4

synsa1 gyndwod

arnjeredwo) ses paisnquio))
MO[J sed pajsnquio))

¢ osr)) oseyg
10} dogs ouury 9je)s-Apeals opnosd oUO 10J [OPOUW 9)R)S-APRIJS PUR [OPOUW DIWRUAD 9} USMID( MO} UOIJRULION] 7 ¢ 9INTIq

Suluuwidaq
A1) Woly AeIN|

ON:

J0I13 %00°0 THIA
TD=10°Td = 19TV = [V 1 334D

(Jueisuod) uonisodwod ses pajsnquio))
(Jueysuoo) anssard sed pajsnquio))
aimeiadwia) ses pajsnquio)

MOTJ seS paysnquo))
:s9[qeLIeA 1o7In0 Andwo)

L)

doys aum yxou
1]} 0} WO AAOTN

SOX

aanjesadwd) 199 a5e1dAY
uonezinn [pPng
Asuap Juarn)
a5e)0A
1amod yoels DJ0S
‘sajqeneA supersdo andwo))

pue uonenUIS [POJAL

sn|d uadsy

\ ameradwo) Iy
MO[J [ong
D

amyeradwd) 1y
MO[J o]
‘SIST[OIU0D
£q pajendiuew
JeT]) SO[qRIIE A Jo[UT
10

(Ansuap juamnd) peoj DJOS Aendiuejy
19][0U09 3FeIOA

armeradura) Jre jo[ur apotes ajendrue
I9[[0Nu0d drmerddwd) [[90 aFeIdAe D JOS

MOTJ [ong Jo1ut apoue djerndrueyp

Jomod juerd-jo-souereg
Kouaidiyye
pue 1omod surqing,
d

Jomod juerd-jo-aouereg
Kouarongge
pue 1omod aurqing,
'SO[QRLIBA PIOIPAIJ
1d

12][03u0d 1amod JoN

SID[[OUOD (PIM

TUOTR[NTITS [OPOIN
7§

1omod juerd-jo-soueeq pue
Kouaioiyge pue somod auiqing 191paid

ainssaxd 1y
Moy ny
uonsodwos jan,g
ainssaxd [ang
aigesedwdy jonyg
w

uoypLd pue qepe

aanssauad ary
MOTJ ITY
uonisodwod pnyg
amssaxd ang
amjerodwd) ong
SO[qBLIBA
Jo1U] JURISUO)
v,

*

[9POIN dTWRUA(

Suinung qepeiy

days awiy 2ge)s
-Aped)s opnasd auo 3y
Helg

Hulnuis qepejA

81



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

rate based on the SOFC cathode inlet fuel flow rate in the dynamic model. The
steady-state simulation of the balance-of-plant model returned results as blocks A2,
B2, and C2 (see Figure 3.2), which were compared to blocks A1, B1, and C1 on the
dynamic model side, respectively. If the relative error between these variable sets
was less than 0.005%, the week-long pseudo steady-state time step was completed. If
the error was not acceptable, the algorithm was iterated with new estimated values
for certain variables (such as GT efficiency and inlet natural gas flow rate) until the
relative error fell within the acceptable range. By using the discussed reduced models
to give very good initial guesses, only one or two iterations were required for a pseudo
steady-state time step. Pseudo steady-state simulations were performed using the
week-long time step over the lifetime of the SOFC stack in each base case (SOFC
lifetime varied from case to case), with this cycle being repeated for a plant lifetime of

30 years.

3.2.4 Eco-technoeconomic Analyses

The NGCC (natural gas combined cycle) base case without CO, capture presented
in [50] was selected as the baseline reference point for the eTEA in this study.
The selected reference case had an LCOEy. (levelized cost of electricity) of $US
48.4/MWh and COy Emissiony,s. of 373.0 kg CO2e/MWh (note COse is short for
COy equivalents). In the present work, the price of the SOFC was assumed to be
$2,000 per kW of nameplate power capacity, and the cost of the gas turbine used in
Base Cases 3 and 4 was estimated based on the data provided in [51,52] (additional
details are shown in Appendix B in the supplemental material). All dollar amounts in

this work are expressed in 2016 U.S. dollars. The capital cost of the SOFC stacks in
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each base case was calculated for each year in the plant’s 30-year lifetime based on the
number of stacks needed in each year. The capital costs of the upstream NG reformer
and the water-gas shift reactor were estimated based on the units used in Case 1-1 (an
NG-powered hydrogen production plant equipped with a reformer and water-gas shift
reactor) of a baseline report by NETL [53] and adjusted according to the NG flow rate.
Details regarding the capital costs of other small units can be found in Appendix B.
The operating costs were mainly estimated based on Case B31A of a different baseline
report from NETL. This case consisted of an NGCC plant without CO2 capture
[44], only with the addition of 21% (estimated based on the portion of capital costs)
of the operating cost of Case 1-1 (adjusted with NG flow rate) to account for the
reformer and water-gas shift reactor [53]. The NG price we used was $3.37/GJ (or
$3.55/MMBtu both in HHV), which is the same price as the reference case [50].

The LCOE and CCA (cost of CO4 avoided) of each case was calculated using Eq. (2)
and Eq. (3) as follows:

LCOEuns = Levelized cost of the plant over the lifetime

(2)

total power production over the lifetime

LCOEplant - LCOEbase

COy Emissionpgse — COy Emissionpant

COAplamg - (3)

where the “plant” subscripts indicate one of the four base case plants. The levelized
cost was calculated by assuming a 5% inflation rate and a time-value-of-money
interest rate of 10%. COse Emission refers to direct COse greenhouse gas potential
of the plant over the lifetime, which equals the CO, emission in all cases since CHy
was assumed to be completely combusted in the post-combustor and NOx was not

considered. The CCA expresses the cost of COse emissions avoided by constructing
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and using one of the four base case plants instead of the baseline NGCC plant. An
extensive discussion on why this formulation is the most appropriate choice for CCA
can be found in [50]. Finally, the SOFC stack efficiency is defined as the stack’s DC
power output divided by the LHV of the syngas fuel it consumes, and the overall plant
efficiency is defined as the SOFC stack’s DC power output plus the balance-of-plant
AC power output, divided by the LHV of the natural gas entering the plant. Both the

efficiencies are calculated over the 30-years plant lifetime.

3.3 Results and Discussion

The dynamic SOFC model simulation results for the four base cases are shown in
Figure 3.3, and the corresponding results for the entire plants are shown in Figure
3.4. In Base Case 1 (Figure 3.3(a) and Figure 3.4(a)), the SOFC power output was
controlled to follow a declining trajectory (a second order polynomial trajectory) in
order to maintain a net plant power (including the balance-of-plant) of 550 MW. The
fuel utilization (FU) was also controlled at a constant level of 80%. As the SOFC
stack degraded over time, the current density increased from its initial value of 0.5
A/cm?; while the voltage dropped below 0.8 V. Under these operating conditions, the
standalone SOFC stack in Base Case 1 was predicted to have a lifetime of around 20
weeks before catastrophic breakage would occur. Figure 3.4(a) shows the periodic
replacement of the SOFC stack every 20 weeks over the plant’s 30-year lifetime.
Within each replacement cycle, the stack and plant efficiency decreased as the SOFC
degraded due to the system requiring greater amounts of fuel to produce the same

amount of power.
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Figure 3.3: SOFC performance curves for Base Cases 1-4. Power and fuel flow can be
read from the primary y-axis. Voltage, FU, and current density can be read from the
secondary y-axis.

The SOFC performance curves for Base Case 2 followed similar trends to those
observed in Base Case 1, except the stack power was allowed to drop further down
(also following a second order decreasing trajectory). In Base Case 2, not only did
the amount of power produced by the upstream turbine continually increase due to
the increase in the fuel flow rate over time, but the power produced by the steam
bottoming cycle similarly increased as the heating value of the SOFC anode exhaust
stream also increased over time. By offsetting the decreasing stack power with the

increase in balance-of-plant power (including the upstream turbine and the steam
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Figure 3.4: Plant performance curves of Base Cases 1-4. Power and efficiency can be
read from the primary and secondary y-axes, respectively.

bottoming cycle), the net power was maintained at around 550 MW. Compared

to Base Case 1, the decrease in stack power output in Base Case 2 indicated a

slower increase in current density, which resulted in a slower degradation rate.

Consequently, the lifetime of the SOFC stack in Base Case 2 increased to around 25

weeks. Furthermore, the net plant efficiency in Base Case 2 was also significantly

higher compared to Base Case 1, as the steam bottoming cycle was able to capture

and reuse the waste heat in the SOFC anode exhaust.
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The SOFC stack in Base Case 3 (SOFC/GT hybrid plant) was operated in constant
voltage mode with decreasing current density and power output, which can markedly
increase the SOFC’s lifetime. Although the simulation predicted that the SOFC’s
lifetime could exceed 14 years, a practical regular replacement lifetime of 375
weeks (around 7.2 years) was chosen, as the FU dropped to 25% at this point.
At this replacement point, the SOFC stack’s power output decreased to 157.5
MW (about 38.5% of its initial capacity) and its current density dropped from
the initial value of 0.5 A/cm? to 0.19 A/cm?. As can be seen in Figure 3.4(c),
the plant gradually shifted the power load from the SOFC stack to the GT as
the SOFC degraded, thus maintaining a net power output of 550 MW. The GT
was designed to operate at its maximum power capacity (405 MW) and maximum
efficiency (42.6%) at the end of the 375-week-cycle; as shown in the turbine
characteristic curve, the GT’s power and efficiency gradually increased throughout
each cycle. However, the net plant efficiency decreased throughout each cycle, as
the NG fuel flow rate needed to be continually increased to maintain a constant net
power output. This decline in net efficiency was also due to the shift in power load

from the more efficient SOFC stack to the less efficient GT over the course of each cycle.

The SOFC stack performance curves and plant performance curves in Base Case
4 were very similar to those in Base Case 3, except Base Case 4 also included the
addition of curves for the steam bottoming cycle. In Base Case 4, the SOFC stack
was operated with constant voltage, along with decreasing current density and
power output. Following the same rule as Base Case 3, a lifetime of 427 weeks
(around 8.2 years) was selected for the SOFC stack in Base Case 4, as this is the

point where the FU dropped to 25%. Compared to Base Case 2, the steam cycle
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in Base Case 4 produced much less power due to the much lower heating value
of the exhaust stream (can be seen in stream 5, Figure 3.1). However, the addi-

tion of the steam cycle resulted in a higher net plant efficiency compared to Base Case 3.

The short stack lifetime in Base Case 1 and 2 indicates that these two SOFC plants
might not be applicable in practice under the current operating conditions (80%
fuel utilization and 0.5 A/cm? initial current density). In fact, running the SOFC
with lower fuel utilization or lower current density could reduce the degradation rate
and thus increase the stack lifetime [2]. It should be noted that, with lower initial
fuel utilization or current density, the degradation rates in Base Case 3 and 4 are
expected to be slower too. In this study, the main focus is the comparison between
two different operating modes of SOFC: nearly constant power mode (Base Case 1
and 2) and constant voltage mode (Base Case 3 and 4), with all other operating
conditions remain the same (such as initial fuel utilization, initial current density,
and average cell temperature). The values of these operating conditions were selected
according to the experimental conditions which the model was developed based

on [37], and changing these operating conditions would be out of the scope of this study.

The results of key parameters of the eTEA for the four base cases are summarized
in Table 3.4, including efficiencies, costs, LCOE, and CCA. While the hybrid plants
(Base Cases 3 and 4) were generally more efficient than the SOFC standalone plants
(Base Cases 1 and 2), Base Case 2 had the highest overall plant efficiency, mainly due
to the highly-efficient SOFC power production enabled by the steam bottoming cycle’s
reuse of waste heat. The hybrid plants sacrificed efficiency by shifting the power load
to the less efficient GT as the SOFC replacement cycle progressed in order to prolong

the SOFC stack’s lifetime. Figure 3.5 shows the number of times the SOFC stacks in
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each base case needed to be replaced each year over the plant’s 30-year lifetime. For
instance, Base Cases 1 and 2 each used three stacks in the first year of the plant’s life,
as the lifetimes of the stacks in these cases were 20 and 25 weeks, respectively.

Table 3.4: Results of key eTEA parameters for all four base cases over the 30-years
plant lifetime

BC 1 BC 2 BC 3 BC 4
SOFC SOFC with SOFC/GT SOFC/GT with
Standalone steam cycle Hybrid steam cycle
SOFC Stack Efficiency (LHV) 58.3% 57.4% 65.3% 65.3%
Overall Plant Efficiency (LHV) 46.8% 65.0% 50.8% 53.0%
First year Capital Cost $3,558 $2,636 $1,464 $1,445
($ Million)
Average Annual SOFC
Replacement Cost ($ Million) $2,642 $1,515 $120 $20
Annual Material, Operating and
Maintenance Cost ($ Million) 5161 $116 $148 $141
LCOE ($/MWHh) $4327 $194 $38.5 $35.1
CO3 Emission (kg/MWh) 275 198 252 240
CCA ($/tonneCOqe) $2,833 $831 -$81.4 -$99.9

In contrast, Base Cases 3 and 4 only required one stack each in the first year, as their
SOFC stacks had lifetimes of 375 weeks and 427 weeks, respectively. The total number
of SOFC stacks required over the 30-year plant lifetime for Base Cases 1-4 were 79, 63,
5, and 4, respectively. As mentioned in the methodology section, the cost of the SOFC
stacks was calculated for each year in the plant’s 30-year lifetime based on the number
of stacks needed in each base case. Predictably, the first-year capital costs for Base

Cases 1 and 2 were much higher compared to Base Cases 3 and 4, as Base Cases 1 and
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2 each required the use of three stacks in the first year, while Base Cases 3 and 4 only
required one. In addition to the SOFC stacks purchased in the first year, this first-year
capital costs for each base case accounted for all other units in each plant. The average
annual SOFC replacement cost was calculated as the annual average of the sum of the
cost of SOFC stacks accounting for time-value-of-money and the inflation rate over
the plant’s 30-year lifetime. This cost decreased from Base Cases 1-4 because the
frequency of SOFC stack replacement correspondingly decreased. Notably, Base Case
2 had the lowest annual material, operating, and maintenance costs, mainly due to
having the highest overall plant efficiency. In particular, Base Case 2 achieved sig-

nificant cost savings on fuel, as it used the least amount of NG out of the four base cases.

w

N

Number of SOFC Stack

Replacements During a Year

o

12345678 9101112131415161718192021222324252627282930
Year

Base Case 1 Base Case 2 mBase Case 3 Base Case 4

Figure 3.5: SOFC stack replacement frequency for the four base cases over a 30-year
plant lifetime

The levelized cost of electricity (LCOE) decreased sequentially from Base Case 1
to Base Case 4 due to the corresponding decrease in the number of SOFC stacks
(which contributed the largest portion of the total costs) required over the plant’s

30-year lifetime. The findings showed that the hybrid plants (Base Cases 3 and 4) had
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lower LCOEs compared to the baseline NGCC plant (baseline = $48.4/MWh), as
determined based on the assumed SOFC price in the four base cases. In addition, all
four base cases had lower direct CO, emissions compared to the baseline NGCC plant
(373.0 kg/MWh), mainly due to their higher efficiency. Predictably, the lowest COq
emissions were observed in Base Case 2, as it was the most efficient of the four base
cases. However, Base Case 2 had high costs associated with SOFC stack replacement,
as the SOFC stack in this case had a fairly short lifetime. As a result, Base Case 2
had a CCA (cost of COq avoided) of $831/tonneCOqe. This CCA figure indicates
that, although Base Case 2 emitted less COy than the baseline NGCC plant, the high
cost per tonne of emitted COy undermines its viability. The CCA results for Base
Cases 3 and 4 are negative because these cases had both lower costs and lower CO,
emissions compared to the baseline NGCC plant. The lower LCOEs and negative
CCAs recorded for Base Cases 3 and 4 established them as better alternatives than
the baseline NGCC plant and Base Cases 1 and 2 from an eco-techno-economic
perspective. Ultimately, the eTEA results revealed that Base Case 4 (SOFC/GT
hybrid plant with a steam bottoming cycle) had the lowest LCOE ($35.1/MWh) and
lowest CCA (-$99.1/tonneCOqe) of the four base cases, thus establishing it as the best

design.

3.4 Sensitivity Analyses

Since the lifetimes of the SOFC stacks in the SOFC/GT hybrid plants (Base Cases
3 and 4) were chosen arbitrarily, the first sensitivity analysis investigated how the
use of different SOFC lifetimes in these plants impacted the eTEA results. Instead

of replacing the SOFC stack when FU reached 25%, as we did in the base cases,
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we replaced the SOFC stack when FU reached 20% and 30% (henceforth referred
to as the “20% FU case” and “30% FU case”) in the sensitivity analyses. In Base
Cases 3 and 4, the GT was designed to provide peak performance (maximum power
output and maximum efficiency) at the end of the SOFC replacement cycle (when FU
reached 25%). However, it was necessary to redesign and re-simulate the systems,
as changing the replacement point of the SOFC stack also changed the required
power capacity of the GT. Compared to the base cases, the 20% FU cases required
a larger GT, while the 30% FU cases needed a smaller GT. First, we scaled the
GT (model SGT6-9000HL) used in the base cases to the desired power capacities
for the 20% FU and 30% FU cases by assuming the scaled GT retained the same
maximum efficiency when it was operated at its full power capacity. Second, two
real GT models were selected for the 20% FU (model SGT5-8000H) and 30% FU
(model SGT5-2000E) cases for comparison with the scaled GTs[51]. Table 3.5
summarizes the GT models, as well as the power capacities and max efficiencies
used in all the sensitivity analysis cases. The models of Base Cases 3 and 4 were
modified by substituting in the GT models for the 20% FU and 30% FU cases (Table
3.5), generating eight new cases covering the combinations of the plant models in

Base Case 3 or 4, along with the 20% FU or 30% FU cases and the scaled GT or real GT.

Table 3.5: List of gas turbine models used in the sensitivity analysis [51]

SOFC stack 25% FU

replaced at (base cases) 20% FU 30% FU
GT model  SGT6-9000HL Scaled SGT5-8000H Scaled SGT5-2000E %2
moace - SGT6-9000HL i SGT6-9000HL i
Power capacity 405 MW 435 MW 450 MW 350 MW 187 MW x2
Max efficiency 42.6% 42.6% 42.6% 42.6% 36.5%
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The eTEA results of the eight cases used in the sensitivity analysis, as well as the results
for the base cases, are shown in Figure 3.6. With the exception of the 30% FU cases
with real GTs, the results followed the trends observed in the base case studies, namely:
longer SOFC stack lifetime (replaced at lower FU) was associated with lower net plant
efficiency, lower LCOE, and lower CCA. Replacing the SOFC stack at lower FU further
shifted the power load to the less efficient GT, thus resulting in lower net efficiency.
On the other hand, as the SOFC stack lifetime increased, the frequency of replacement
decreased, thus reducing the costs associated with SOFC stack replacement and,
consequently, the LCOE and CCA. The 30% FU cases with real GTs had lower
efficiencies, higher LCOEs, and higher CCAs than the 30% FU cases with scaled GTs.
This result is due to two small GTs (SGT5-2000E) with lower maximum efficiency
being used to satisfy the desired power capacity in the real GT cases. This result
implies that replacing the SOFC stack at lower FU (i.e., prolonging the SOFC stack
lifetime) in the SOFC/GT hybrid plant design generally results in worse (lower) net
efficiency, a better (lower) LCOE, and a better (lower) CCA; however, this approach

is also limited by factors such as the availability of practical GT models and SOFC price.

The second sensitivity analysis built upon the first by investigating how SOFC price
affected the eTEA of each base case. In addition to the SOFC price used in the
base cases ($2,000/kW), we selected a lower price of $1,000/kW and two higher
prices of $4,000/kW and $8,000/kW (all figures in 2016 U.S. dollars). The results of
the SOFC price sensitivity analysis reveal that Base Case 1 (the standalone SOFC
plant) was the most sensitive to SOFC price, as the SOFC stack was replaced most
frequently in this case (Figure 3.7). When the base case SOFC price was doubled
to $4,000/kW, Base Case 4 (the SOFC/GT hybrid plant with a steam bottoming

cycle) remained a potential alternative to the baseline NGCC plant, as its LCOE
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Figure 3.6: Sensitivity analysis results for SOFC/GT hybrid plants in Base Cases 3
and 4 with SOFC stacks replaced at FU of 20%, 25%, and 30%

($50.1/MWh) was close to the baseline and its CCA ($12.7/tonne COqe) was close to 0.

Since the NG price has been fluctuating greatly in recent years, we performed a
sensitivity analysis to investigate how natural gas prices affect the eTEA results of
the four base cases. The LCOE and CCA of the base cases were calculated for a
range of NG prices from 30% to 500% of the base price $3.55/MMBtu, as shown in
Figure 3.8. We also selected three typical historical prices in June 2020, February
2021, and April 2022 [54] as interesting points of reference as shown in Figure 3.8

(expressed in $US2016 using the consumer price index) [55]. Note that the LCOE of
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Figure 3.7: Sensitivity analysis of the four base cases with various SOFC prices.
Subplots (2) and (4) are the same plots of (1) and (3), respectively, but showing only
Base Case 3 and 4 for clarity.

the baseline NGCC plant was also recalculated for the range of NG prices, which were
used to compute the CCA for the base cases. As can be seen in Figure 3.8, the CCA
decreased as the NG price increased for all the base cases, mainly due to the higher
net efficiency and lower CO5 emissions of the base cases over the baseline NGCC plant.
In other words, the higher the price of natural gas, the more advantageous it is using
an SOFC-based system. However, the CCA of Base Case 1 and 2 were always very
high, even when the NG price increased to 5 times of the base price. This implies that
the SOFC replacement costs were still the most contribution of the total costs in Base
Case 1 and 2. The CCAs of Base Case 3 and 4 were always negative; and as the NG
price increased, these two cases were increasingly better from an eco-technoeconomic

perspective. This is because Base Cases 3 and 4 have lower LCOEs and lower lifecycle
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greenhouse gas emissions than NGCC.
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Figure 3.8: Sensitivity analysis of the four base cases with various natural gas prices.
All the prices were converted to $US2016. Subplots (2) and (4) are the same plots of
(1) and (3), respectively, but showing only Base Case 3 and 4 for clarity.

Besides the NG prices (or fuel costs), the last sensitivity analysis was on the non-fuel
costs. We varied the total non-fuel costs of the four base cases over the plant lifetime
from 30% to 500% of their original non-fuel costs, while keeping the fuel price at
the base level. The LCOE and CCA were re-computed and plotted against each
other in Figure 3.9. The CCA of Base Case 1 and 2 were still positive even when
the non-fuel costs were reduced to 30% of their original costs. When the non-fuel

costs became double, Base Case 3 and 4 had higher LCOEs than the baseline NGCC
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plant, with CCAs of $133/tonneCOqe and $75.3/tonneCOqe, respectively. Even with
double-than-expected non-fuel costs, Base Case 3 and 4 have low enough CCA’s to be
commercially relevant COo-mitigation technology options, noting that the carbon
tax floor in Canada will be 110 $CA /tonneCOqe (85 $US/tonneCOqe) in 2026 and
170 $CA /tonneCOqe (132 $US/tonneCOqe) in 2030 [56]. Note that the LCOE of the
baseline NGCC plant remained the same for the CCA calculations throughout this

sensitivity analysis.
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Figure 3.9: Sensitivity analysis of the four base cases with various non-fuel costs.
Subplots (2) is a magnified window of the dashed box on subplot (1). The colors of
the markers are associated with the colors of base cases.

3.5 Conclusion and Future Work

The simulation results showed that operating the SOFC stack in the SOFC/GT
hybrid plants (Base Cases 3 and 4) at constant voltage greatly slowed degradation
and increased the stack lifetime. As a result, the SOFC/GT hybrid plants had lower
stack replacement costs over their 30-year lifetime compared to the standalone SOFC

plants (Base Cases 1 and 2), wherein the SOFCs were operated in near-constant
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power mode. The eTEA results further showed that the SOFC/GT hybrid plants
(Base Cases 3 and 4) had much lower LCOEs and CCAs compared to the stan-
dalone SOFC plants (Base Cases 1 and 2), implying that the SOFC/GT hybrid
design is preferrable to the standalone SOFC design from an eco-technoeconomic
perspective. The addition of steam bottoming cycles in Base Cases 2 and 4 resulted
in higher efficiency, lower LCOEs, and lower CCAs compared to Base Cases 1
and 3, respectively. Although the findings revealed that Base Case 2 (standalone
SOFC plant with a steam bottoming cycle) had the highest overall plant efficiency
(65.0%Luv), the near-constant power mode of SOFC stack operation led to faster
degradation and shorter SOFC stack lifetimes, resulting in high stack replacement
costs over the 30-year plant lifetime. As a result, Base Case 2 is likely economically
infeasible, as the high stack replacement costs contributed to an unacceptably high
LCOE ($194/MWh) and CCA ($831/tonne COqe). In contrast, Base Case 4 had
the lowest LCOE ($35.1/MWh) and CCA (-$99.9/tonne COge) of the four base

cases, which established it as the most economically and environmentally feasible design.

Sensitivity analyses were also conducted to examine how SOFC stack lifetime and
SOFC cost in the SOFC/GT hybrid plants influenced the eTEA results. The findings
of these analyses revealed that prolonging the lifetime of the SOFC stack (i.e.,
replacing it at lower FU) resulted in lower net efficiency due to the power load being
gradually shifted to the less efficient GT; however, the results also indicated that
prolonging the SOFC’s lifetime led to a lower LCOE and CCA due to the reduced
costs associated with SOFC replacement. By altering the SOFC stack’s lifetime, the
hybrid plants can be re-designed according to the required size of GT, though this may
be limited by the existing commercial GT models in practice. The sensitivity analysis

of SOFC price showed that the standalone SOFC plants (Base Cases 1 and 2) were
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more sensitive to changes in SOFC price, mainly due to the need to replace the SOFC
stack more frequently in these designs. Ultimately, the sensitivity analysis of SOFC
price and NG price revealed that Base Case 4 remained a competitive alternative to
the baseline NGCC plant when the SOFC price or the NG price was doubled from the

price used in the base cases, respectively.

Besides the factors investigated in this work, the eTEA results of SOFC systems might
also be strongly affected by long-term degradation. If the degradation occurred much
slower in reality than predicted by the model, the standalone SOFC plants (Base
1 and 2) could be economically feasible. The degradation model used in this work
was limited to one specific SOFC type (in terms of materials) and certain operating
windows (where the cases in this work were designed). As such, different degradation
models should be incorporated into future eTEA studies to cross-validate the proposed

degradation model and to explore different SOFC operations.

In this work, we conducted an eTEA of four large-scale NG-powered baseload SOFC
power plants that accounted for long-term degradation. Future research could
examine SOFC/GT hybrid designs and standalone SOFC designs in peaking power
or load-following applications at large or small scales. Such research could include
household, building, and community power systems, and consider how these systems
might be integrated with other applications such as combined heat and power (CHP),

energy storage, and wind and solar systems.
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Nomenclature

AC Alternating Current

CCA  Cost of CO49 Avoided

DC Direct Current

EOS Equation Of State

eTEA  Eco-technoeconomic Analysis
FU Fuel Utilization

GT Gas Turbine

HHV  Higher Heating Value

LCOE Levelized Cost of Electricity
LHV  Lower Heating Value

PID Proportional Integral Derivative (Controller)
SOFC  Solid Oxide Fuel Cell

YSZ Yttria-stabilized Zirconia
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Supplemental Material

Appendix A

Appendix A: Model-based Controller for SOFC/GT Hybrid Plants

One of the functions of the control system design for the SOFC/GT plant was to
maintain the total net system power at 550 MW. In order to achieve this, a cascade
control system was used in which a supervisory controller manipulated the SOFC
power setpoint. Because of long-term degradation and other challenges associated
with the complex dynamics of the SOFC/GT hybrid system as well as power being
produced and consumed in the balance-of-plant, traditional PID controllers were
unable to maintain a net 550 MW power satisfactorily. Instead, a model-based

controller was employed to manipulate the SOFC power setpoint more elegantly.

Specifically, a reduced model was created that helps us compute the total balance of
plant power (Pyy), including parasitic loads as follows. The efficiency of the balance

of plant (ne) is a function of (Pyy) as follows:

hbal = f(Pbal) (A1>
Where
Pyl
hba A2
bal FuelHHV ( )
And
Pbal = PGT + PCC + Pturb - Pcomps - Ppumps <A3>
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Where Fuely gy is the higher heating value of the fuel fed to the gas turbine (fed to
the balance-of-plant), Pgr is the electrical power produced by the gas turbine system,
Poc is the power produced by the combined cycle (steam cycle in Base Case 4 and
some other cases in sensitivity analyses), Py, is the power produced by the upstream
expansion turbine, P, is the power consumed by the compressors, and Pypps is

the power consumed by the pumps.

The GT power P can be estimated through a GT characteristic curve (or turbine map)
which is the electrical efficiency of the gas turbine (ngT", HHV') described explicitly as

a function of its capacity factor (Xgr):

herunv = f(Xer) (A.4)
Where
Per
hor = A.
or FU@ZHHV ( 5)
And
P,
Xar = Pi (4.6)
GT,Mazx

P(¢rMaz) 18 the maximum power (or power capacity) of the turbine and Pgr <
P(G7,Max)- For Base Case 3, P(gr,mar)=405 MW, and the turbine characteristic curve

can then be written as follows:

haraav = f(Par) (A7)
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Although the data cannot be released for intellectual property reasons, the characteristic

curve was described as a polynomial of the following shape:

har = a + bPgr + cPay + APy (A.8)

Since the GT contributed the most power production in the balance-of-plant (different
at each time step), we described f(Py,;) firstly based on f(Pgor) as a polynomial of the

same shape:

hGT =a-+ beal + CPanl + degal (Ag)

Then, the coefficients a through d were determined iteratively. As an initial guess,
the coefficients were first set to the same coefficients as that used in Eq.A.8. Then, a
full dynamic simulation was run. At each timestep t, the power setpoint of the SOFC
at the current timestep (Psorcserpornt(t)) was computed by inverting the reduced
model to compute Py, as a function of anode exhaust heating value Fuely gy, and

then computing

Psorc.serroint(t) = 550MW — Py (t) (A.10)

However, the quality of the controller outcomes depended on the quality of the
coefficients, and the initial guesses were not satisfactory. Therefore, a guess-and-check
approach was used to iteratively improve upon the coefficients a through d. This was
done by examining the error in the new power output against the 550 MW setpoint,
and adjusting the coefficients to achieve a more desirable curve. After several iterations,
a suitable set of coefficients were found that resulted in an almost constant net 550
MW power output, and significantly outperforming a PID controller. Each case study

required a different set of coefficients, with one example shown below (Base Case 3):
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Figure 3.10: Reduced model polynomial for predicting the balance-of-plant power in
Base Case 3
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Appendix B

Appendix B: Selected Cost Estimations

In addition to those discussed in the main text, the following cost assumptions were
used in the analysis. Capital costs were estimated via standard power law relationships
as follows (with basis years noted): CEPCI values were used for scaling costs adjusted
to the year 2016 (CEPCI for 2018=603.1, 2016=541.7, 2007=>525.4, 1970=123). See

main text for discussion and references.

e Gas turbine (including the turbine, compressor, and recuperator): exponent of 0.6 and

basis of $73 million ($US 2016) for a 268 MW gas turbine.

e Steam turbine system (including turbines, boilers, and pump): exponent of 0.6, basis

of $340/kW ($US 2018).
e Blower: 5120$US1970 for 30 kW system, 0.55 exponent
o Primary heat exchangers: 8000$US1970 for 100 m? surface area, 0.71 exponent

e NG upstream process (including reformer, water-gas shift reactor, and other acces-
sories): approximately $103 million ($US 2007) for a feed rate of about 95 tonnes NG

per hour, 0.6 exponent.

o Fixed operating costs (complete system): approximately $19.5 million ($US 2018) for
a feed rate of about 93 tonnes NG per hour, 1.0 exponent; and 21% of about $22.7

million ($US 2007) for a feed rate of about 95 tonnes NG per hour, 1.0 exponent.

e Variable operating costs (complete system): about $9 million ($US 2018) for a feed
rate of about 93 tonnes NG per hour, 1.0 exponent; and about $14 million ($US 2007)

for a feed rate of about 95 tonnes NG per hour, 1.0 exponent.
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Appendix C

Appendix C: Selected Stream Conditions
Sample stream conditions for Base Case 2 and Base Case 4 are given in Tables 3.C.1
and 3.C.2, respectively. The reader can find more detailed stream information for addi-

tional substreams and cases at the LAPSE link provided in the Simulation Files section.

Table 3.C.1. Sample stream conditions of Base Case 2 near the end of the cell life

(about 25 weeks), with stream numbers corresponding to Figure 3.2

Stream
Temp (°C)
P (bar)
F (kmol/s)
CH,
CyHg
C3Hg
C4H;0
CcO
COq
Ho
H>O
No

02

1 2 3

15.0 159 690.0

1.0 1.0 1.0

37.45 37.45 37.45

0.790 0.790 0.790

0.210 0.210 0.210

4 )
12715 6314
1.0 1.0
41.16  41.16
0.029  0.029
0.105  0.105
0.720  0.720
0.147  0.147

6

161.1

1.0

41.16

0.029

0.105

0.720

0.147

7
994.9
11.5
5.16
0.00127
71 ppm
15 ppm
trace
0.17068
0.05619
0.49978
0.26632

0.00566

8
800.0
1.0
5.54
0.00182
66 ppm
14 ppm
trace
0.00942
0.20167
0.61438
0.16800

0.00527
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Table 3.C.2. Sample stream conditions of Base Case 4 near the beginning of the cell

life (about 2 weeks), with stream numbers corresponding to Figure 3.2

Stream 1 2 3 4 5 6 7 8 9 10
Temp (°C) 15.0 169.7 690.0 1006.5 261.3 220.0 994.7 800.0 918.7 707.4
P (bar) 1.0 4.1 4.1 4.1 1.0 1.0 11.5 4.1 4.1 1.0

F (kmol/s) 36.39 36.39 36.39 4047 4047 40.47 5.30 5.69 40.47 40.47

CHy4 - - - - - - 0.00127 0.00118 - -
CoHg - - - - - - 71 ppm 66 ppm - -
CsHg - - - - - - 15 ppm 14 ppm - -
C4H,0 - - - - - - trace trace - -

(6{0) - - - - - - 0.17067  0.00942 - -

COq - - - 0.030 0.030 0.030 0.05620 0.20166 0.02979 0.02979

H, - - - - - - 0.49978  0.61437 - -

H,O - - - 0.109 0.109 0.109 0.26631 0.16800 0.10926 0.10926

Ny 0.790 0.790 0.790 0.715 0.715 0.715 0.00566 0.00527 0.71506 0.71506
Oq 0.210 0.210 0.210 0.146 0.146 0.146 - - 0.14589  0.14589
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Chapter 4

Life Cycle Analyses of SOFC/Gas
Turbine Hybrid Power Plants
Accounting for Long-term

Degradation Effects

The content of this chapter has been submitted in the following peer-reviewed journal:
Lai, H., and Adams II, T. A., 2023, “Life cycle analyses of SOFC/gas turbine hybrid power

plants accounting for long-term degradation effects,” (Submitted, JCLEPRO-D-23-04847)
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Highlights
e Cradle-to-product life cycle analysis

o LCA for solid oxide fuel cell and gas turbine hybrid systems compared against standalone

solid oxide fuel cell
o Considers long-term degradation effects
o Natural gas-based plants and coal-based plants

o Considers plant operation, SOFC manufacturing, balance-of-plant manufacturing, and

plant maintenance as the LCA boundary

e Considers boundary expansion that includes cooling options and AC to DC conversion

Abstract

In this study, cradle-to-product life cycle analyses were conducted for a variety

of natural-gas-based and coal-based SOFC power plant conceptual designs, while
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also accounting for long-term SOFC degradation. For each type of plant, four base
case designs were considered: a standalone SOFC plant, a standalone SOFC plant
with a steam cycle, an SOFC/GT hybrid plant, and an SOFC/GT hybrid plant
with a steam cycle. The boundary of each base case was subsequently expanded
to include either wet cooling or dry cooling options and DC to AC conversion, and
was subjected to additional cradle-to-product life cycle analyses. The environmental
impact results were computed using ReCiPe 2016 (H) and TRACI 2.1 V1.05 in
SimaPro. The main factors affecting the midpoint impacts between cases were the
plant efficiency and total SOFC manufacturing required over the plant’s lifetime,
which were both strongly connected to long-term degradation effects. The findings
also showed that the standalone SOFC plant with a steam cycle (which featured
higher plant efficiency) had lower midpoint impacts with respect to global warming
potential and fossil resource scarcity, which were largely the product of plant
operation. The case with the longer SOFC stack lifetime (e.g., a SOFC/GT hybrid
power plant with a steam cycle) had lower midpoint impacts with respect to fine
particulate matter formation, terrestrial acidification, terrestrial ecotoxicity, and
mineral resource scarcity due to the large proportion of midpoint contributed by
SOFC manufacturing. Ultimately, the SOFC/GT hybrid plant with a steam cycle was
found to be the best option, as it had the lowest ReCiPe endpoint impact (4.5% to

42% lower than the other cases) among both the natural gas-based and coal-based cases.

Keywords: life cycle analysis, SOFC, SOFC/GT hybrid, SOFC degradation,

environmental impacts
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4.1 Introduction

Increases in global energy demand and public awareness of global warming have
amplified the importance of reliable and sustainable power production [1]. Although
sustainable power production technologies such as solar and wind are rapidly
developing, their implementation is challenging due to their intermittent nature.
Successful integration of wind and solar power into a large-scale energy system
depends heavily on other power-generation systems that can produce power when
sunlight and wind are in insufficient supply [2]. For this reason, conventional baseload
power production using fossil fuels such as natural gas (NG) or coal remains highly
prominent, and is anticipated to continue to account for a major share of global
power production (e.g., anticipated for a share of 40-50% in 2030 in the U.S.) [3,4].
As such, it is critical to improve existing NG-based and coal-based baseload power
production methods, especially from an eco-technoeconomic perspective. Solid oxide
fuel cells (SOFC) are a promising technology for reliable baseload power production,
as their use of electrochemical reactions allows them to generate electricity more
efficiently compared to conventional combustion-based power production technologies.
From an emissions perspective, SOFCs not only produce lower CO, emissions due
to their higher efficiency, but they also enable efficient COq capture at a low cost
[5,6]. However, the life cycle environmental impacts of SOFCs are uncertain, as their

efficiency and lifetime are dynamically influenced by their degradation rate.

An SOFC’s degradation rate is strongly affected by its operating conditions [7].
The most common operating strategy for baseload power production is to maintain
a constant SOFC power output; this results in a higher degradation rate and,

thus, a shorter SOFC lifetime. Changing the operating strategy to utilize constant
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voltage instead of constant power output significantly slows the degradation rate and
dramatically increases the SOFC’s lifetime (up to more than 10 times). However, the
trade-off with this approach is a decrease in power output over time. As the power
output decreases in this constant voltage operating mode, the amount of unspent
fuel in the SOFC exhaust increases, which can be used by a gas turbine (GT) for
secondary power production to maintain a net baseload power production [7-10].
While an SOFC/GT hybrid plant that accounts for degradation effects has been shown
to be technically and economically feasible in prior works, its life cycle environmental
impacts are still unclear [10,11]. Given the huge difference (more than 10 times) in
SOFC stack lifetime due to degradation effects under different operating conditions, it
is possible that the environmental impacts of SOFC manufacturing might strongly

affect the full LCA result from case to case.

A review of the literature shows that researchers have conducted life cycle analyses
(LCA) focusing on various aspects of SOFCs. For instance, Strazza et al. conducted
an LCA on a 230 kW SOFC system and compared its impact to a micro-gas turbine
system that utilized NG and biogas as fuel sources [12]. To account for degradation
effects, they assumed four SOFC stack replacements over a 10-year system lifetime
for simplicity [12]. In a different study, Rillo et al. conducted an LCA for a 250 kW
biogas-fed SOFC system, wherein they assumed a stack lifetime of six years and
that 17% of the stack would be replaced each year over its lifetime [13]. Elsewhere,
Bicer and Khalid performed an LCA comparison that assumed a 5-year lifetime for a
250 kW SOFC system fueled by various sources, including NG, hydrogen, ammonia,
and methanol [14], while Al-Khori et al. conducted an LCA for the integration of
an SOFC into an NG plant that assumed a 10-year SOFC lifetime [15]. In another

work, Nease and Adams performed cradle-to-grave LCAs for bulk-scale SOFC plants
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powered by NG and coal and compared their results to those obtained for conventional
power plants such as natural gas combined cycle plants and supercritical pulverized
coal power plants. In that study, Nease and Adams assumed that the SOFC could
be operated at full capacity for 10 years [16,17]. Reenaas conducted an LCA for an
SOFC/GT system and compared the results to those for a diesel auxiliary power
production unit on a ship, assuming SOFC stack lifetimes of 40000 or 20000 hours

depending on the case study [18].

Although the above studies assumed various SOFC stack lifetimes, their degradation
effects were not considered in detail. In another work, Ghorbani et al. performed
exergoeconomic and exergoenvironmental analyses of an SOFC-GT-ORC (Organic
Rankine Cycle) hybrid system with an approximate power scale of 1.2 MW [19].
Although they included voltage loss calculations in their SOFC model, the life
cycle environmental impacts remained unclear, as did the effect of degradation
on the SOFC stack’s lifetime. Naeini et al. conducted an LCA on an NG-based
SOFC system that accounted for degradation effects and considered 5- and 10-year
stack replacement plans [20]. To reduce the degradation rate, they allowed the
operating conditions of the SOFC stack to change over time instead of maintaining
constant power output, which resulted significantly improved stack lifetimes of
up to 10 years [21,22]. Although they considered various operating conditions to
counteract the degradation effects, they focused on a standalone SOFC system without
considering power integration at the systems level—for example, they did not consider

utilizing the waste heat from the SOFC exhaust stream for secondary power production.

To the best of our knowledge, the present study is the first detailed cradle-to-product
LCA for large-scale NG-based and coal-based SOFC/GT hybrid plants (including
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SOFC/GT hybrid plants with a steam cycle). This work both accounts for
degradation effects and compares the results to those recorded for standalone SOFC
plants (including standalone SOFC plants with a steam cycle). In our prior work,
the SOFC stacks in SOFC/GT hybrid plants were found to have much longer
lifetimes (more than 10 times) compared to those in standalone SOFC plants due
to the much slower degradation in constant voltage operating mode [10,11]. Thus,
SOFC/GT hybrid plants would potentially have a much lower environmental impact
with respect to SOFC manufacturing than standalone SOFC plants. However,
we also found that standalone SOFC plants with a steam cycle had higher net
efficiency compared to SOFC/GT hybrid plants, which would potentially result
in lower environmental impact from plant operation [10,11]. Therefore, it is
vital to perform full LCAs to further compare the respective life cycle environmen-

tal impacts of SOFC/GT hybrid plants and standalone SOFC plants with a steam cycle.

This study provides LCA results of large-scale NG-based and coal-based SOFC/GT
hybrid plants and standalone SOFC plants accounting for long-term degradation
effects, which can be used to understand the life cycle environmental impacts for the
application of SOFC in large-scale industrial power systems without requiring further
improvements to new materials for making SOFC stacks. The LCA comparisons in
this study can also help decision making on the adoption of technologies, designs, and

operations as part of the energy shift towards sustainability.
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4.2 Methodology

The cradle-to-product LCAs were performed for four base cases utilizing NG and four
base cases utilizing coal as the fuel sources. The base cases were named based on their

major components for power production as follows:
(1) Base Case 1 (BC1): standalone SOFC plant
(2) Base Case 2 (BC2): standalone SOFC plant with a steam cycle
(3) Base Case 3 (BC3): SOFC/GT hybrid plant
(4) Base Case 4 (BC4): SOFC/GT hybrid plant with a steam cycle

These base case designs applied to both NG-based cases and coal-based cases (as
shown in Table 4.1), with the major differences being in the upstream treatment
processes for fuel prior to entering the SOFC stack. The upstream treatment process
in NG-based cases included major components such as the steam reforming of NG
and a water-gas shift process, while the upstream process in coal-based cases mainly
included coal gasification, scrubbing, water-gas shift, and Selexol processes. All the
base cases were designed to have a power scale of 550 MW (mixed AC and DC
electricity output) and a plant lifetime of 30 years. A basis of 1 MWh electricity
product (mixed AC and DC) was chosen for the LCA.

These base cases were discussed in detail in a prior study by the authors, to which
the reader is referred for detailed stream information, dynamic operating trajectories,
and techno-economic analyses. [10,11]. The plant model of each base case consisted
of a dynamic model (in Matlab Simulink) to account for the dynamic degradation

behaviours of the SOFC stack with degradation considered and a pseudo-steady-state
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model (in Aspen Plus) of the balance-of-plant which experiences insignificant
degradation phenomena behaviours by comparison. The pseudo-steady-state approach
was taken to integrate and simulate the dynamic model and the steady-state model. In
this way, the overall system model considers both the specific degradation phenomena
of the SOFC stacks and how the balance-of-plant slowly changes in response, over a

period potentially lasting many years.

The degradation rate used in the dynamic model of the SOFC stacks was described
as Eq (1), where rg, FU, T, and i represent the degradation rate (%/(1000h)), fuel
utilization (fraction), temperature (K), and current density (A/cm?), respectively. For
details of model descriptions, simulation methodologies, and derivation of Eq (1), the

reader is referred to these prior studies [8-11].

_ OBOFU +074 50

= T—1087
1+ exp 555

-1 (1)

Td

The key mass and energy balance results of the model simulations with long-term
degradation effects were taken from those prior studies and are summarized in Table
1, such as plant efficiency and stack lifetime [10,11]. These results were used in the
inventory calculation in the LCAs for this work, which are described in greater details

in the following sections.
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Table 4.1: Basic data for the examined base cases [10,11]. ST = steam turbine system
(a classic combined cycle using waste heat from the upstream units).

NG-based Cases Coal-based Cases

BC1 BC2 BC3 BC4 BC1 BC2 BC3 BC4

Overview
.. SOFC SOFC/ SOFC/ SOFC SOFC/ SOFC/
Description SOFC gor a1 arast SOFC L9r  Gar GT4sT
Net Power (MW) 550 550 550 550 550 550 550 550

Plant efficiency

(LHV) 46.8% 65.0%  50.8% 53.0%  30.7% 48.7%  41.6% 44.6%

LCOE ($/MWh)  $327  $194  $385  $351  $430  $241  $82 $77

SOFC stack
Stack size
(cm? active
membrane area)
Stack lifetime

1.26 9.18 1.04 1.03 1.4 9.04 9.8 9.14
x 10° x 108 x 10° x10° x109  x108 x 108 x 108

0.4 0.5 7.2 8.2 0.4 0.4 6.7 6.7
(year)
Total nunber 79 63 5 4 83 69 5 5
of stacks
Components
of BoP
manufacturing
SOFC Yes Yes Yes Yes Yes Yes Yes Yes
sub-processes
Upstream treatment Yes Yes Yes Yes Yes Yes Yes Yes
processes for fuel
Gas turbine No No Yes Yes No No Yes Yes
Steam cycle No Yes No Yes No Yes No Yes
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4.2.1 Boundaries

The boundaries of the LCA for all base cases included gate-to-product plant
operation, cradle-to-gate SOFC manufacturing, cradle-to-gate balance-of-plant (BoP)
manufacturing, and cradle-to-gate plant maintenance, with a final product of 1
MWh mixed AC and DC electricity (Figure 4.1). For analysis purposes, the plant
is in a non-specific United States location. For example, the fuel at plant data for
the NG-based and coal-based plants were obtained from the SimaPro library as
cradle-to-product high-pressure market NG in the U.S. and market hard coal in North
America, respectively, with average transportation accounted being account for in

both cases.

4.2.2 Plant Operation

The boundary for the plant operation includes all species that are transferred between
the plant and the natural environment for the production of 1 MWh of net electricity
(mixed AC and DC). Figure 4.1(b) shows a sample process flow diagram of the
SOFC plant operation for NG-based BC4 and its additional cooling option included
in boundary expanded cases (explained later in section 3.3). The data for plant
operation of each case were obtained from our prior studies and are provided in the

Supplemental Material [10,11].
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Figure 4.1: Life cycle boundary for SOFC plants and process flow diagram of the
SOFC plant operation for NG-based BC4.
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4.2.3 SOFC Manufacturing

A 1 cm? active membrane area was selected as the basis for the SOFC manufacturing
inventory data. While a unit basis of 1 kW has been widely used in LCAs of
SOFC manufacturing [13,14,23], this basis is specific only to situations in which
SOFCs are operated under constant power production at nameplate capacity, and
cannot be applied for SOFC stacks that are operated under different or transient
conditions. Naeini et al. utilized Rillo et al’s data and assumptions to construct
an inventory basis of 1 cm? for SOFC manufacturing, which provides a more gen-

eral reference point for use in LCAs of SOFCs with various operating conditions [13,20].

The SOFC stacks in the studied base cases varied in size due to the different system
designs required to achieve a net power production of 550 MW. The SOFC model
simulations considered long-term degradation, with the degradation rate changing
according to the operating conditions in each case. Therefore, SOFC stack lifetime
varied from case to case, as did the number of stacks used over the 30-year plant
lifetime (Table 4.1). In this work, the SOFC manufacturing inventories were calculated
based on the size and numbers of SOFC stacks in each case (Table 4.1) using the
inventory basis per cm? presented by Naeini et al. [20]. The inventory accounts for
the materials and energy used in SOFC manufacturing including, but not limited
to, Nickel oxide (NiO), Yttrium stabilized zirconium (YSZ), Lanthanum strontium
manganite (LSM), various solvents and binders, stainless steel, and electricity. The

full inventory data and more detailed descriptions can be found in [14,20].
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4.2.4 Balance-of-plant Manufacturing

The balance-of-plant (BoP) manufacturing includes SOFC accessories, upstream
treatment processes for fuel (NG or coal), gas turbines (in BC3 and BC4), and
steam cycles (in BC2 and BC4). The different sub-processes included in the
BoP manufacturing for each case are summarized in Table 4.1 above. The SOFC
sub-processes mainly included steel production, stainless steel production, and energy
for fabricating auxiliary equipment and running the SOFC assembly process [14,20].
The inventories for the manufacturing of syngas upstream processes, gas turbines, and

steam cycles were estimated based on data collected from the literature [18,24,25].

4.2.5 Plant Maintenance

The inventories for plant maintenance included the steel and stainless steel required
for equipment maintenance, as well as the catalysts and chemicals consumed in the
processes. The NG-based cases consumed Nickel-based and iron-based catalysts for
reforming and water-gas-shift (WGS) processes. The coal-based cases consumed sulfur-
impregnated activated carbon for Hg removal, iron-based catalyst for WGS reactions,
Selexol for HyS removal, and sodium hydroxide for HCI removal. All consumptions
of catalysts and chemicals were estimated with their initial fills and daily makeups
throughout the plant lifetime. For example, coal-based BC4 consumed an initial fill of
54.5x10% kg sulfur-impregnated activated carbon with a daily makeup of 74 kg/day,
and the net consumption over the plant lifetime converted to the basis became 0.006
kg/MWh (Table 4.2). The inventories of these chemicals were estimated based on the

following assumptions [26-30]:
o 1% of steel and stainless steel of the BoP would need to be replaced each year.
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e Ni-honeycomb catalyst was used for the reforming process [26,28].
o Ferrite served as the iron-based catalyst for the water-gas-shift reactions [26,27,29].

e No initial fills of reforming catalyst for the NG-based cases and sodium hydroxide for

the coal-based cases [26,27].

Table 4.2: Consumption of catalysts and chemicals in plant maintenance for NG-based

and Coal-based BC4.

Initial fill Daily makeup Net consumption

(10° kg)  (kg/day) (kg/MWh)

NG-based BC4

Reforming catalyst 0 244 0.0185
WGS catalyst 73.8 235 0.0183
Coal-based BC4

Sulfur-impregnated activated carbon 54.5 74 0.0060
WGS catalyst 258.5 177 0.0152
Selexol 1673.7 166 0.0242
Sodium hydroxide 0 7194 0.5450

4.2.6 Data Transparency

The original SimaPro files used in the analysis have been released to the public (See
link at end of manuscript). The files contain the detailed gate-to-gate life cycle

inventories used for all steps.

129



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

4.3 Results and Discussion

4.3.1 Base Cases

Figure 4.2 shows the midpoint characterization results of the base cases, which
were obtained using ReCiPe 2016 (H). The results of the NG- and coal-based cases
were normalized to the total midpoints of NG-based BC2 and coal-based BC2,
respectively, in each category. For each case in each category, the contributions of
plant operation (also including fuel production, transportation, and infrastructure,
SOFC manufacturing, BoP manufacturing, and plant maintenance to the midpoint
impact are shown as stack columns, with the legend shown in the figure. A more

detailed overview of the results and data can be found in the Supplemental Material.

For the NG-based cases, plant operation made the largest contribution to the
total midpoint impacts in categories such as global warming, stratospheric ozone
depletion, ionizing radiation, marine eutrophication, fossil resource scarcity, and water
consumption. Since BC2 had the highest plant efficiency, it had the lowest midpoint
impacts from plant operation among the four NG-based cases in every category. As
the plant efficiency decreases from BC2 — BC4 — BC3 — BC1 (Table 4.1), the
midpoint impacts from plant operation in each category increased correspondingly.
With regards to SOFC manufacturing, BC1 required the largest total active membrane
area (around 24 times larger than BC4), followed by BC2 (around 14 times larger
than BC4), BC3 (around 1.3 times larger than BC4), and BC4. Consequently, the
midpoint impacts contributed by SOFC manufacturing decreased from BC1 to BC4.
The midpoint impacts relating to terrestrial ecotoxicity and mineral resource scarcity

were mostly from SOFC manufacturing. For BC1 and BC2, SOFC manufacturing
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Figure 4.2: Normalized ReCiPe midpoint impact results (ReCiPe 2016 H) for the base
cases. Subplots (a) and (b) show the four NG-based cases and four coal-based cases,
respectively. The components’ contributions to each impact category are shown as
stacked columns.
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also contributed a large amount of midpoint impacts in categories such as ozone
formation, fine particulate matter formation, terrestrial acidification, freshwater
ecotoxicity, marine ecotoxicity, human toxicity, land use, and mineral resource scarcity.
The impacts from BoP manufacturing and plant maintenance were relatively small
compared to plant operation and SOFC manufacturing in most categories. However,
plant maintenance had noticeable impacts with respect to human toxicity, freshwater
ecotoxicity, marine ecotoxicity, freshwater eutrophication, terrestrial acidification, and

fine particulate matter formation, mainly due to the consumption of catalysts.

The comparison of BC2 (standalone SOFC with steam cycle) and BC4 (SOFC/GT
with steam cycle) showed that BC2 had lower midpoint impacts in categories
dominated by plant operation, such as global warming, stratospheric ozone depletion,
and fossil resource scarcity, mainly due to its higher plant efficiency. However, the
short SOFC stack lifetime (high degradation rate) in BC2 results in large impacts
from SOFC manufacturing, which results in higher total midpoint impacts in almost
all other categories compared to BC4. Similar results were observed in the comparison
of BC2 and BC3, with one performing better in some categories and worse in other
categories. BC4 had a lower impact than BC3 in all categories due to its higher plant

efficiency and lower SOFC manufacturing.

For the coal-based cases, plant operation also contributed the highest midpoint
impacts in the same categories as the NG-based cases, namely, in global warming,
stratospheric ozone depletion, ionizing radiation, marine eutrophication, fossil resource
scarcity, and water consumption. Besides these categories, plant operation in the
coal-based cases also dominated the midpoint impacts in freshwater eutrophication,

freshwater ecotoxicity, marine ecotoxicity, human toxicity, and land use. These results
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indicate that, in the coal-based case, plant operation contributed higher midpoint
impacts in these categories compared to the NG-based cases. This includes higher
direct emissions during plant operation and higher emissions during upstream fuel
processes. In addition, due to the higher midpoint impacts from plant operation
in the coal-based cases, the relative total impacts for BC2 compared to BC4 with
respect to freshwater eutrophication, freshwater ecotoxicity, marine ecotoxicity, human
toxicity, and land use were much smaller than in NG-based cases. This implies that, in
these categories, NG-BC2 is worse than NG-BC4, but coal-BC2 is about the same or
even marginally better than coal-BC4. In the NG-based cases, SOFC manufacturing
consistently contributed the greatest impacts in terrestrial ecotoxicity and mineral
resource scarcity, while BoP manufacturing and plant maintenance had insignificant

impacts in all categories.

4.3.2 Monte Carlo Sensitivity Analysis

A Monte Carlo sensitivity analysis was conducted to investigate how uncertainties in
plant operation and SOFC manufacturing processes affected the ReCiPe midpoint
impacts. Plant efficiency was assumed to fluctuate within +£2% (two percentage
points) to account for uncertainties in plant operation. The inventories for SOFC
manufacturing were assumed to fluctuate within +5% to account for uncertainties
during the manufacturing process. Using SimaPro, we conducted Monte Carlo
sampling with 1000 runs that followed two normal distributions, with the two
uncertainty ranges of plant operation and SOFC manufacturing as the 95% confidence
intervals simultaneously. The ReCiPe midpoint impact results are shown in Figure

4.3. The average total midpoint impact of the Monte Carlo runs for each case in each
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category was approximately the same as the corresponding base case. The standard
deviation (represented as error bars in the figure) in each Monte Carlo case indicates
that the uncertainties in plant operation and SOFC manufacturing did not have a

large impact on the ReCiPe midpoint impact results.
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Figure 4.3: Normalized ReCiPe midpoint impact results (ReCiPe 2016 H) for the
comparisons of the base cases and base cases with Monte Carlo sensitivity analyses.

4.3.3 Boundary Expansion

The plant operation boundaries used in the previous section for the four NG-based cases
and four coal-based cases were based on previous works, which did not include cooling
towers for cooling the flue gas stream at the end of the processes; this deficiency could
be addressed by including either wet cooling towers or dry cooling towers (air cooled).

Furthermore, these base cases utilized mixed AC and DC electricity production, which
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could be converted to only AC grid-quality electricity with an inverter [10]. As such, we
expanded the boundaries of the base cases to include two more cases for each category:
(1) an expanded base case with wet cooling towers and AC grid-quality electricity as
the output (e.g., BC1Wc), and (2) an expanded base case with dry cooling towers and
AC grid-quality electricity as the output (e.g., BC1Dc). The boundary expansion was

conducted using the following assumptions:
e A DC to AC conversion efficiency of 96% [31].

e The wet cooling towers consumed 0.42 L of water per MJ of electricity production and

had 1% electricity penalty (of the gross power) compared to the base case [31-33].

e The dry cooling towers consumed no water for cooling purposes and had 7% electricity

penalty (of the gross power) compared to the base case [31,32].

Figure 4.4(a) shows the ReCiPe midpoint impact results for the expanded NG-based
cases compared to those of the corresponding base cases. With regards to water
consumption, the expanded NG-based cases with wet cooling towers and AC grid-quality
electricity output (BC1Wec to BC4Wc) more than doubled the water consumption
of the corresponding base cases, whereas water consumption was greatly reduced in
the expanded NG-based cases with dry cooling towers and AC grid-quality electricity
output (BC1Dc to BC4Dc). Not only did the dry cooling towers consume no water
for cooling purposes, they also enabled the recovery of water from the cooled flue
gas stream. Indeed, more water was produced than consumed during plant operation
in these cases. Since the water was recovered from the flue gas stream, the plant
operation in the NG-based cases resulted in negative water consumption, which
is consistent with previous work on SOFC flue gas water recovery by Adams and

Barton [31]. Nonetheless, the other LCA boundary components (mainly the SOFC
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manufacturing) did consume water, with consumption increasing from BC4 to BC1
in proportion to SOFC manufacturing. Therefore, BC1Dc and BC2Dc had positive
net water consumption (combining negative water consumption from plant operation
and positive water consumption from other components), while BC3Dc and BC4Dc
had negative water consumption. In all other categories, the midpoint impacts of the
expanded wet cooling cases were higher than the corresponding base cases due to the
1% electricity penalty; moreover, the midpoint impacts of the expanded dry cooling
cases were even higher due to the higher electricity penalty (7%). As mentioned in the
previous section, BC4 had lower midpoint impacts compared to BC2 in some categories
and higher midpoint impacts in others. To further compare the two cases, ReCiPe
endpoint impacts (ReCiPe 2016 H) were computed using SimaPro. The NG-based
endpoint results are shown as the last category in Figure 4.4(a). As can be seen,
the endpoint impacts of BC4, BC4Wc¢, and BC4Dc were lower (around 4.5% lower)
than those of BC2, BC2Wc, and BC2Dc, respectively. Although BC4 had lower plant
efficiency than BC2, its environmental impacts were lower overall. It is also interesting
that the endpoint impact of BC3 (or BC3We or BC3Dc) was slightly lower than that
of BC2 (or BC2Wc or BC2Dc). This result indicates that the SOFC/GT hybrid plants
(BC3 and BC4) are better alternatives to the standalone SOFC plants (BC1 and BC2),
and that the SOFC/GT hybrid plant with a steam cycle (BC4) is the best option
among the four.

Similarly, the midpoint impacts in water consumption were higher in coal-based
BC1We to BC4Wec and significantly lower in coal-based BC1Dc to BC4Dc compared
to the corresponding base cases. Due to the water recovery from the flue gas stream
and the lack of water consumption in the dry cooling method, the plant operation
in the Dc cases had negative water consumption. However, the other components,

especially SOFC manufacturing, still consumed water, resulting in positive net water
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Figure 4.4: Normalized ReCiPe midpoint impact results (ReCiPe 2016 H) for the
comparisons between base cases and base cases with the two boundary expansions.
Nec: No cooling. We: Wet cooling. Dc: Dry cooling.

consumption for the four coal-based Dc cases. Water consumption aside, the midpoint
impact for BC1 to BC4 increased in other categories in the order of N¢, We, and Dc as

the electricity penalty increased, respectively. The endpoint results for the coal-based
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cases also showed that BC4, which is a SOFC/GT system with steam cycle, had lower
environmental impacts (around 6.5% lower) than BC2 (standalone SOFC with a steam
cycle).

In addition to the ReCiPe method, TRACI 2.1 V1.05 was also applied to compute
the LCA results of all cases (Figure 4.5). In every category for both the NG- and
coal-based plants, BC1Dc had the highest midpoint impact, followed by BC1Wc
and BC1(Nc) due to the above-noted electricity penalties. The same trend can be
seen for BC1 through BC4. Since the TRACI midpoint method did not include
water consumption—to the advantage of the Dc cases—the results do not reflect the
reduction of water consumption. Similar to the ReCiPe midpoint results, BC2 had
the lowest impact among all the cases for some TRACI categories, while BC4 had the
lowest impact for others. Specifically, NG-BC2 outperformed NG-BC4 with respect to
global warming, ozone depletion, and fossil fuel depletion, mainly due to its higher
plant efficiency. In contrast, it was outperformed by NG-BC4 in all other categories,
mainly due to the need for much more SOFC manufacturing. Coal-BC2 outperformed
Coal-BC4 with respect to global warming and eutrophication, but was outperformed
by Coal-BC4 in all other categories. These TRACI midpoint results are generally
consistent with the ReCiPe midpoint results, with the exception of fossil fuel depletion
for the coal-based cases. The TRACI midpoint in fossil fuel depletion decreased from
Coal-BC1 to BC4 (Figure 4.5), while the ReCiPe midpoint in the same category
showed that Coal-BC4 had slightly higher impact than Coal-BC2, and Coal-BC3 had
higher impact than Coal-BC2 and BC4 (Figure 4.4). This inconsistency was due to the
fact that TRACI method computed lower impact in plant operation and higher impact
in SOFC manufacturing compared to ReCiPe method. For example, the midpoint
impact ratio of plant operation and SOFC manufacturing in Coal-BC2 was 4:1 when

computed using TRACI, and 12:1 when computed using ReCiPe.
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4.3.4 Comparison with other SOFC Systems in the

Literature

In addition to analyzing all the base cases and the expanded cases, we also compared
the obtained LCA results with those of other SOFC systems in the literature.
Compared to Nease and Adams’ NG-based SOFC plant, (their case without
considering carbon capture and transmission loss) which has a similar power scale as
our cases, our NG-BC2 and NG-BC4 base cases had 20% and 33% higher ReCiPe
midpoint impacts in global warming, respectively [16]. With regards to fossil resource
scarcity, NG-BC2 and NG-BC4 had higher impacts of 9% and 23%, respectively,
compared to Nease and Adams’ NG-based SOFC plant [16]. The main reason for the
higher midpoint impacts of our cases is that we used SOFC models that accounted
for degradation effects, which not only reduced plant efficiency, but also the lifetime
of SOFC stack. As a result, the midpoint impacts contributed by plant operation
and SOFC manufacturing increased. Note that ReCiPe 2016 was used in this work,
and ReCiPe 2008 was used in Nease and Adams. [16]. Overall these differences are

reasonable, expected, and thus in good agreement with the literature.

We also compared our LCA results to Naeini et al’s NG-based SOFC system, which
featured the same power scale as ours, while also accounting for degradation effects
(but with a different degradation model) [20]. The SOFC models used in our cases
considered the overall degradation of the SOFC stack in relation to operating
conditions, such as current density, fuel utilization, and temperature, based on
experimental data. Unlike our SOFC model, Naeini et al. used an SOFC model
that accounted for various degradation mechanisms in different components of the

SOFC. At the system level, Naeini et al. focused more on the SOFC itself and did not
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combine it with other power systems, such as gas turbines or steam cycles. Instead,
they designed an SOFC stack replacement schedule of every 5 years or 10 years for
a 20-year plant lifetime by changing the operating conditions [20]. These SOFC
replacement schedules are comparable to the ones we used for NG-BC3 and NG-BC4,
wherein the SOFC stacks were replaced every 7.2 years and 8.2 years, respectively.
The operating strategy in Naeini et al’s 5- or 10-year plan was to allow the current
density or power output decrease over time, which was similar to the approach used
in BC3 and BC4, wherein the voltage was kept constant and the current density or
power was allowed to drop as the SOFC degraded. Since they did not harness the
waste heat from the SOFC stack for additional power generation, the overall electrical
efficiency was lower compared to NG-BC2, NG-BC3, and NG-BC4 in our study [20],

as expected.

Figure 4.6 shows the ReCiPe midpoint impact comparison for selected categories,
with all midpoints being normalized relative to Naeini et al’s SOFC case with
a 10-year replacement schedule [20]. As can be seen, with the exception of BC1
(including BC1We and BC1Dc), all our NG-based cases had lower midpoint impacts
with respect to global warming, mainly due to their higher plant efficiency. SOFC
manufacturing contributed a large portion of midpoint impacts in the categories
of fine particle matter formation and terrestrial acidification, therefore, BC3
and BC4 (including the Wc and Dc cases) had impacts close to those reported
for Naeini et al’s SOFC-5yr and SOFC-10yr cases [20]. Since BC1 and BC2
(including the We and Dc cases) required considerably more SOFC manufacturing
due to frequent SOFC replacement, they had much higher impacts in these two
categories. The comparison results showed good agreement between our findings

and those for SOFC systems in literature that account for long-term degradation effects.
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Figure 4.6: Normalized ReCiPe midpoint impact comparison (ReCiPe 2016 H) with
other NG-based SOFC systems from [20].

4.4 Conclusion

In this study, we performed cradle-to-product life cycle analyses for four NG-based
SOFC plant base cases and four coal-based SOFC plant base cases, as well as for two
additional expanded boundary cases for each base case. The LCA results obtained
via ReCiPe 2016 (H) in SimaPro showed that the standalone SOFC plants (NG-BC1
or Coal-BC1) had highest midpoint impacts in every category due to having the
lowest plant efficiency (unused waste heat) and largest SOFC-stack manufacturing
requirements (i.e., the shortest SOFC stack lifetime). The standalone SOFC plants
with a steam cycle (NG-BC2 or Coal-BC2) outperformed the SOFC/GT hybrid
plants with a steam cycle (NG-BC4 or Coal-BC4) in some midpoint categories
(e.g., global warming) due to their higher plant efficiency, but had worse (higher)

environmental impacts in other categories (e.g., terrestrial ecotoxicity) due to the need
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for more SOFC manufacturing. Similar results can be seen between BC3 and BC2,
while BC4 always had better (lower) environmental impacts than BC3 in either the
NG-based or coal-based cases. The ReCiPe endpoint results indicated that NG-BC4
and Coal-BC4 had the lowest environmental impacts in their respective classes (i.e.,
natural-gas-based and coal-based designs). The design and operation of SOFC/GT
hybrid with a steam cycle (BC4) strongly extended the stack lifetime (due to much
slower degradation) compared to BC1 and BC2, and provided higher plant efficiency
than BC3, resulting in the least SOFC manufacturing (smallest stack size and least
numbers of stack during the plant’s lifetime) among all the base cases and lower

emissions in plant operation than BC3.

For all NG-based cases, plant operation accounted for the largest ReCiPe midpoint
contributions to global warming, stratospheric ozone depletion, fossil resource scarcity,
and water consumption, while SOFC manufacturing contributed the most to terrestrial
ecotoxicity and mineral resource scarcity. The midpoint impacts contributed by plant
operation decreased as plant efficiency increased (i.e., BC1 — BC3 — BC4 — BC2)
for all categories, while the midpoint impacts contributed by SOFC manufacturing
similarly decreased alongside the corresponding total number of SOFCs required over
the 30-years plant lifetime (i.e., BC1 — BC2 — BC3 — BC4). While balance-of-plant
manufacturing and plant maintenance generally accounted for lower midpoint impacts
than the other two components, plant maintenance had noticeable impacts in some
categories, such as human toxicity and freshwater and marine ecotoxicity, mainly due

to the use of catalysts.

The sensitivity analyses with Monte Carlo sampling showed that the ReCiPe midpoint

impacts of the base cases were not sensitive to uncertainties in plant operation
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and SOFC manufacturing. The expanded boundary cases with wet cooling towers
had higher ReCiPe midpoint impacts compared to the corresponding base cases in
all categories, while the cases with dry cooling towers significantly reduced water
consumption, but had higher overall impacts compared to the corresponding cases
with wet cooling towers. The midpoint impacts results obtained using TRACI 2.1
were similar to the ReCiPe results. Finally, a comparison with other SOFC systems
revealed that our findings agreed well with the those reported in the literature, and
that including SOFC degradation in the model resulted in higher environmental
impacts in relation to plant operation and SOFC manufacturing, thus increasing the

midpoint impacts in every category.
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Nomenclature

AC Alternating Current

AD Acidification

BoP Balance-of-plant

CA Carcinogenics
DC Direct Current
EC Ecotoxicity

eTEA  Eco-technoeconomic Analysis

EU Eutrophication

FD Fossil fuel Depletion

FEc Freshwater Ecotoxicity

FEu Freshwater Eutrophication

FS Fossil resource Scarcity

FU Fuel Utilization

GT Gas Turbine

GW Global Warming

HCT Human Carcinogenic Toxicity
HNCT Human Non-carcinogenic Toxicity
IR Ionizing Radiation

LCOE Levelized Cost of Electricity
LHV Lower Heating Value

L LSM Lanthanum Strontium Manganite
LU Land Use

MEc Marine Ecotoxicity

145



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

MEu Marine Eutrophication

MS Mineral resource Scarcity
NCA Non carcinogenics

NG Natural Gas

OD Stratospheric Ozone Depletion

OF, HH Ozone Formation, Human Health

OF, TE Ozone Formation, Terrestrial Ecosystems
PMF Fine Particulate Matter Formation

RE Respiratory Effects

SOFC Solid Oxide Fuel Cell

SM Smog

ST Steam cycle (steam turbine)
TA Terrestrial Acidification

TE Terrestrial Ecotoxicity

WD Water consumption (depletion)

WGS Water-gas-shift reaction

YSZ Yttria-stabilized Zirconia
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5.1 Conclusions

Through this thesis, eco-technoeconomic performances and life cycle environmental
impacts of standalone SOFC plants and SOFC/GT hybrid plants accounting
for long-term degradation effects were assessed, which potentially contributed to

the large-scale industrialization of SOFC/GT hybrid power production from fossil fuels.

The eTEA results for both coal-based and NG-based cases showed that the addition
of a steam bottoming cycle improved the overall plant efficiency and reduce the
LCOE, meaning that BC2 was better than BC1 and BC4 was better than BC3. Thus,
the eco-technoeconomic comparison was narrowed down to only between standalone
SOFC plant with a steam cycle (BC2) and SOFC/GT hybrid plant with a steam cycle
(BC4) for both coal-based and NG-based cases. The results showed that coal-BC2
and NG-BC2 had 4.1 and 12 percentage points higher net efficiencies than coal-BC4
and NG-BC4, respectively. Due to the higher efficiencies, coal-BC2 and NG-BC2 had
lower operating costs than coal-BC4 and NG-BC4. However, the SOFC stack lifetime
in BC4 was much longer than in BC2 (more than 10 times) due to the constant
voltage operating strategy which significantly slowed the degradation. This strongly
reduced the SOFC replacement costs of coal-BC4 and NG-BC4 such that their LCOEs
were 68% and 82% lower than those of coal-BC2 and NG-BC2, respectively. The
SOFC/GT hybrid plant with a steam cycle was found to be the best case as it has
the lowest LCOE of $77/MWh among the coal-based cases and the lowest LCOE of
$35/MWh among the NG-based cases.

The cradle-to-product LCA results revealed that BC1 had the highest (worst)

environmental impacts in every midpoint category due to its lowest net efficiency and
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shortest SOFC stack lifetime, among both coal-based and NG-based cases. When
comparing between BC2 and BC4 or between BC2 and BC3, one case was better than
the other in some midpoint categories but worse in some other categories. Generally,
BC2 had the lowest impacts in global warming potential and fossil fuel depletion due
to its highest plant efficiency (true for both coal-based and NG-based cases). BC4
which had the least SOFC manufacturing requirements had the lowest impacts in
ionizing radiation, ozone formation, fine particulate matter formation, terrestrial
acidification, and terrestrial ecotoxicity. The ReCiPe endpoint concluded the final
comparison, which showed that BC2 and BC3 had close endpoints and BC4 had the

lowest among all the base cases, for both coal-based and NG-based cases.

The eTEA and LCA results were found to be mainly affected by the plant effi-
ciency and the total SOFC manufacturing over the plant’s lifetime, and the latter
was the major factor. This confirmed the importance of considering long-term
degradation effects in model simulations and these analyses. It also revealed
that changing the operating strategy of the SOFC stack from constant power
to constant voltage and integrating with a GT in a SOFC/GT hybrid system
greatly increased the stack lifetime (slowed degradation) and had better economic
performances and environmental impacts. The SOFC/GT hybrid plant with a
steam cycle was found to have the best economic performances and life cycle
environmental impacts among the base cases, and could be a strong competitive
alternative to conventional power production from fossil fuels considering the
global power reshaping. Therefore, the SOFC/GT hybrid plant with a steam cycle
(BC4) is recommended as the best alternative (accounting for long-term degradation

effects) to conventional power production from fossil fuels in the near to medium future.

153



Ph.D. Thesis - Haoxiang Lai McMaster University - Chemical Engineering

The followings summarize the contributions of this thesis to the field:

 Designs and model simulations of standalone SOFC plants and SOFC/GT hybrid
plants accounting for long-term degradation effects that utilize fossil fuels for

power production

— Designed and developed models for four SOFC plants utilizing coal as the
fuel source
x Standalone SOFC plant
* Standalone SOFC plant with a steam cycle
* SOFC/GT hybrid plant
* SOFC/GT hybrid plant with a steam cycle

— Designed and developed models for four SOFC plants utilizing NG as the

fuel source (four plant designs similar to the previous bullet point)

— Allowed eTEA, LCA, and any other analyses or process optimization in

future work
— Models are available to the public (see links in the corresponding chapters)

o Model integration and simulation by taking a pseudo-steady-state approach to

integrate dynamic models and steady-state models
— Provided a useful method and example to integrate dynamic models and
steady-state models

— Allowed eTEA, LCA, and any other analyses on dynamic and steady-state
combined systems, especially when the dynamic behaviours of the systems

affected equipment sizes and lifetimes
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— Developed a model-based controller embedded in the pseudo-steady-state
model simulation, which can be used in systems that were changing power

load and efficiency with multiple power generation units and parasitic loads

— Models and codes are available to the public (see links in the corresponding

chapters)

« Eco-technoeconomic analyses (€TEA) of standalone SOFC plants and SOFC/GT

hybrid plants accounting for long-term degradation effects

— Economic performance comparisons between SOFC plants and SOFC/GT

hybrid plants accounting for long-term degradation effects

— Examined the long-term degradation effects on economic performances
of SOFC plants: operating SOFC stack with constant voltage instead of
constant power could significantly reduce the degradation rate, increase

stack lifetime, and thus reduce costs associated with stack replacements

— Revealed that the standalone SOFC plants with a steam cycle had the
highest efficiency among the base cases, but had high cost of SOFC stack

replacements due to short lifetimes of the stacks
* Coal-based standalone SOFC plant with a steam cycle (BC2) - Plant
efficiency: 48.7% 1y
* NG-based standalone SOFC plant with a steam cycle (BC2) - Plant

efficiency: 65.0%r5v

— Revealed that although the SOFC/GT hybrid plant with a steam cycle
was not the most efficient case among the base cases, but had the best

eco-technoeconomic performances with the lowest LCOE
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* Coal-based SOFC/GT plant with a steam cycle (BC4) - Plant efficiency:
44.6%gv , LCOE: $77/MWh

* NG-based SOFC/GT plant with a steam cycle (BC4) - Plant efficiency:
53.0% v , LCOE: $35.1/MWh

— Contributed to the potential large-scale industrial adoption of SOFC/GT
hybrid plants from an eco-technoeconomic perspective with lower LCOEs
(LCOEs for the baseline IGCC and NGCC plant: $97.5/MWh and
$48.4/MWh, respectively)

— Codes and sample calculations for eTEA are available to the public (see

links in the corresponding chapters)

« Cradle-to-product life cycle analyses (LCA) for standalone SOFC plants and

SOFC/GT hybrid plants accounting for long-term degradation effects.

— Performed full life cycle cradle-to-product LCAs for all the base cases listed

in the first bullet point using SimaPro

— Divided LCAs into components such as plant operation, SOFC manufactur-
ing, BoP manufacturing, and plant maintenance which might be used as

parts in other LCAs

— Examined LCAs for cases with boundary expansions to include wet cooling

or dry cooling method as well as DC to AC conversion

— Revealed that higher (better) plant efficiency was associated with lower
(better) environmental impacts in global warming potential and fossil fuel

depletion

— Revealed that operating the SOFC stack in constant voltage mode rather

than constant power mode, which reduced the degradation rate and extended
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the stack lifetime, had lower environmental impacts in ionizing radiation,
ozone formation, fine particulate matter formation, terrestrial acidification,

and terrestrial ecotoxicity

— Identified that the conclusion of comparison cannot be made between BC2
and BC4 through midpoint method since one is better than the other in

some categories and vice verses

— Revealed that the SOFC/GT hybrid plants with a steam cycle (both coal-
base and NG-based) had the lowest (best) ReCiPe endpoints

— Contributed to the potential large-scale industrial adoption of SOFC/GT
hybrid plants by providing a point of view from a life cycle environmental

aspect

— Models are available to the public (see links in the corresponding chapters)

5.2 Recommended Future Work

The degradation model used in this thesis project was an empirical model based
on experimental data, which was limited to the SOFC type (materials) and
the range of operating conditions in the experiments. To further explore the
system dynamics and eTEA of SOFC systems in different operating conditions, a
different degradation model might be desired. As mentioned in the preliminary,
the author also contributed to a project which is not included in this thesis [1].
Unlike the model in this thesis which correlates the degradation rate with various
operating conditions, the side-project focuses on the most significant degradation
mechanisms and integrates them into one model. Although it might neglect a

small degree of degradation effects due to some minor mechanisms, it allows eTEA
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and LCA for SOFC/GT hybrid systems to cross-validate the results in this thesis

and explore different SOFC operating conditions (especially different fuel compositions).

Looking at the long-term future, as the global electricity supply is shifting to
renewables, global electricity supply by fossil fuels might be reshaped to provide
more load-following or peaking power supply rather than baseload to accommodate
the intermittent nature of renewables. This thesis examines the eTEA and LCA
of standalone SOFC plants and SOFC/GT hybrid plants accounting for the slow
dynamics of degradation in baseload power production. It would be interesting to
study the fast dynamics due to degradation and the corresponding eTEA and LCA,
when these plants were operated for load-following or peaking power production.
The analyses could be further extended to applications at smaller scales including
household, building, and community power and heating systems or integrations with
other systems such as renewable power, energy storage, and combined heat and power

systems.
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Appendix: Additional Model Descriptions

All models and codes used in this thesis project can be found and downloaded in
LAPSE through the following links:

https://psecommunity.org/LAPSE:2020.0904
https://psecommunity.org/LAPSE:2022.0027
https://psecommunity.org/LAPSE:2023.0002

SOFC model

The SOFC model used in this thesis project is a 1D real-time model of a planar
anode-supported SOFC consisting of a Nickel — Yttria-stabilized Zirconia (Ni-YSZ)
anode, a YSZ — Lanthanum Strontium Magnetite (LSM) cathode, and YSZ electrolyte.
The voltage, resistance, and degradation rate that are associated with SOFC
degradation are calculated through Eq (1) — (11). The SOFC degradation is described
as a function with respect to operating conditions such as current density, fuel
utilization, and temperature (as Eq (10), or Eq (1) in Chapter 2, 3, and 4) based
on experimental data. This equation calculates the overall degradation without
considering detailed degradation mechanisms taking place in different parts of the
SOFC stack. The degradation rate was incorporated into the SOFC model as the
increase in the ohmic loss (in terms of ohmic resistance and irreversible contribution
of degradation) as Eq (8) — (11). Finally, the resistances are used to calculate the
voltage of the SOFC through Eq (1) — (7). The SOFC model also includes a large
number of equations for mass balances, energy balances, mass transfer, and heat
transfer. More details of the model can be found in prior works [1-5] and in the model

file through the links above.
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Where
F Faraday’s constant [C/mol]

i current density [A/cm?|

iy exchange current density [A/cm?]

n number of electrons transfer per reaction
p partial pressure [Pa]

R area specific resistance [(2*m?|
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ry  degradation rate [%*k/h]
ideal gas constant [J/(mol*K)]
temperature [K]

t  time [h]

V  voltage [V]

x  mole fraction

«  charge transfer coefficient

n  electrochemical loss [V]

p  resistance [2*m]

Steam cycle

The steam cycle in BC2 was designed to generate steam at 550°C and 100 bar
after the steam generator. The outlet pressure and hot bypass ratio of each stage
in the multi-stage turbine were determined using the optimization tool in Aspen
Plus in an attempt to maximize power production while still achieving 100%
vapor fraction between the stages and at least 95% vapor fraction in the outlet
stream. The optimal outlet pressures of the three stages were determined to be
24.7 bar, 4.7 bar, and 1.1 bar, with bypass ratios of 8% and 2% of the total
steam to the medium- and low-pressure turbines, respectively. More details of the

steam cycle can be found in the main text of the thesis and the Aspen model in LAPSE.

Compressed air impacts
As mentioned in the plant description in the main text in Chapter 2 and 3, the air
bypass streams in BC3 and BC4 were designed to control the temperature of the

stream entering the GT and the stream entering the cathode of the SOFC. As the
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bypass ratio changed with time, the total amount of air being compressed changed
and consequently the power consumed by the compressor also changed. The following
table summarizes the changes associated with the compressed air stream throughout

the SOFC stack lifetime in BC3 and BC4. Please refer to the model files for more details.

BC3 BC4
Trend Percentage Trend Percentage

Air bypass ratio / 98% / 95%
Compressor consumed power / 12% / 10%
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