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Abstract:

Methane emissions are one of the primary emissions causing global warming. Natural
gas-fed industrial engines are one of the key drivers in excessive methane emissions due to
partial load operations and combustion inefficiencies that can be controlled with modern
methane mitigation strategies. In this thesis engine-based and post-combustion methane
mitigation strategies are analyzed including spark ignition timing, hydrogen blending, and post-
combustion protonic ceramic electrochemical cells (PCERs). The spark ignition timing is used to
control the ignition time of the fuel and the electrochemical cells are considered for the
conversion of exhaust methane into hydrogen. Hydrogen blending into natural gas is studied at
0%, 10%, and 20% hydrogen mole fraction and an engine load of 60%. The hydrogen mole
fraction is calculated using an Aspen HYSY'S model of the engine. The addition of hydrogen into
the natural gas stream has resulted in a methane emission reduction of 16.2% and 35.2%.
Modification of the ignition spark timing is conducted for the angles of 9°BTDC, 11°BTDC,
11.5°BTDC, and 12°BTDC, with the baseline angle being 11°BTDC. A significant methane
emission reduction of 56.4% and 60.9% is observed at 11.5°BTDC, and 12°BTDC respectively
due to an increase in combustion efficiency. The hydrogen blending and spark ignition are
combined to obtain a methane reduction of up to 73% by improving thermal efficiency,
promoting flame propagation, and reducing the methane content in the feed fuel. To remove all
of the exhausted methane and convert CO to CO> while obtaining a high-value chemical, an
electrochemical cell is proposed as a post-combustion catalyst. The PCER model utilized a
tubular, direct pass construction without an internal support tube. The model was constructed in
engineering equation solver (EES) using a mole and electrochemical balance using a Ni/CeO»

anode, Ni BCZY electrolyte, and Ni/BCZY cathode. The PCER model was able to obtain

Xii



complete methane conversion when operating at 2,000-5,000 A/m? and a temperature between
673-780K when being fueled with realistic engine emissions. The technology developed here
shows promising solutions for reducing and mitigating methane emissions from industrial

engines and combustion devices.
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Chapter 1: Introduction

Global warming caused by greenhouse gas emissions has caused more extreme weather
fluctuations [1]. These weather events have and will continue to create more destructive flooding
events, droughts, and an increase in ocean temperatures [ 1, 2]. The rise in ocean and global
temperatures have begun to melt the glacier mountains located primarily in Antarctica and
Greenland, but can also be observed in parts of North America and Asia [3, 4, 5]. This melting
was studied on the mountain glaciers of Corbassiére Switzerland in a paper published January
2024 by Huber et. al. [6]. In the study, Huber utilized the aerosol content change and ratio of
oxygen isotope %0 to 180 called Delta-O-18 from ice cores as paleotemperature proxy data to
predict past temperatures and structural stability at the peak of the glacier [7, 8]. Huber identified
an instability in the ice cores from 2020 when compared to 2018, finding proof of more melting
in the summer that then limited the winter freezing effects due to the higher latent heat storage
deeper in the ice core. This melting was validated by studying the release of NH4 (methane), NO3
(nitrate), and SO4 (sulfate) from the ice core, finding a much lower content of these gases in the
2020 core than the 2018 core. This study highlights the speed and scale that global warming is
having on the planet.

Greenhouse gases are the primary cause of global warming, with human activities
becoming the primary producer of these greenhouse gases since the mid-20" century [9]. The
primary greenhouse gases are carbon dioxide (CO»), methane (CH4), and nitrous oxide (N20O),
and fluorinated gases. The Environmental Protection Agency (EPA) identified that carbon
dioxide, methane, nitrous oxide, and fluorinated gases made up 79.7%, 11.1%, 6.1%, and 3.1%
of the total 2022 United States emissions respectively [10]. Although carbon dioxide makes up

most of the greenhouse gases present in the atmosphere, methane was found to be 28 times more



potent than carbon dioxide for trapping heat in the atmosphere [11]. Methane also has a much
shorter lifetime of between 7-12 years in the atmosphere when compared to the hundreds of
years that carbon dioxide resides in the earth’s atmosphere. A reduction in methane emissions
will reduce global warmer at a quicker rate due to methane’s shorter lifespan. [12].

The United States Environmental Protection Agency implemented mandatory reporting
of greenhouse gas emissions, which accounts for around 8,000 facilities [13]. In addition to the
reporting standards, a waste emission charge was instated in August of 2022 as part of the
Inflation Reduction Act and regulations were proposed in January of 2024. The proposed
regulations would limit waste greenhouse gas emissions higher than 25,000 metric tons of carbon
dioxide equivalent (MTCO2e) by charging $900, $1,200, and $1,500 dollars per metric tons of
waste greenhouse gas emission over 2024, 2025, and 2026 respectively [14]. The definition of
waste emissions depends on the use, scale, and application, with onshore transport of natural gas
having a different threshold than a natural gas processing and refining facility.

Human activities such as agriculture, energy, manufacturing, and waste management
make up 50-65% of total global methane emissions. In the United States, Agriculture makes up
around 34% of methane emissions from manure management and livestock-produce methane. As
livestock such as sheep and cattle digest food, they naturally emit methane as a biproduct of
enteric fermentation, making up 25% of U.S methane emissions [10]. Agricultural sources of
methane would be difficult to reduce without harming U.S food security. The United States
Congressional Budget Office theorized that the U.S population between 2024 and 2054 would
grow from 342 million to around 383 million respectively [15]. Along with the U.S population
growth, foreign exports of beef, poultry, and pork between 1990 and 2024 grew from around 2

billion pounds to over 19 billion pounds of meat product respectively [16]. With the growth in



the U.S population and the increasing meat export industry, the reduction of livestock for
methane mitigation would not be the most effective industry to cut down on. Landfills and
flooded lands such as swamps cause 16% and 6% of United States methane emissions
respectively. Swamps and landfills both emit methane through the decomposition of the trash
and/or natural plant matter found in these environments. The move for reducing landfills has
already been in effect, with the recycling rate of total waste increasing from 6.4% to 32.1%
between 1960 and 2018 [17]. Reducing methane emissions from swamps is not necessary, as it is
a natural phenomenon that must occur to continue the carbon cycle [18]. The energy and
industrial sectors are the second largest source of U.S methane emissions, with natural gas and
petroleum systems making up 28% of U.S methane emissions [10]. The EPA identified the
industrial processes and production sector as having methane levels less than 0.0SMMTCO: Eq.
in the production of carbide, ferroalloys, iron, steel, and petrochemicals [19]. In comparison, the
energy and oil sectors account for 37% of total U.S methane emissions and 40.2% of all U.S
anthropogenic methane emissions in 2022. If we look at the transmission, processing, and
production of oil and gas within the energy sector, we see that reciprocating compressors make
up 30%, 6%, and 11% of total methane emissions respectively [20]. In total, compressors within
the energy sector make up 3.56% of all U.S methane emissions in 2022. Compressor stations are
utilized by the oil and gas industry to provide continuous pipeline pressure for long-distance
product transportation. In the United States, the number of compressor stations has increased
from 1,730 to 2,002 stations between the years of 1990 and 2022. An estimated number of 7,688
compressors are in operation between these compressor stations, with the count of reciprocating
engines decreasing from 6,956 to 4,965 and the number of centrifugal compressors increasing

from 698 to 2,723 as 0f 2022 [21]. At the current scale, replacing all natural gas compressors for



modern four-stroke or centrifugal systems is not financially or logistically realistic within a short
period of time. At the same time, a rise in emission restrictions for natural-gas-fed systems has
brought a need for methods to reduce methane emissions from these large-scale, natural gas fed
COMpIessors.

Methane-emitting systems that utilize combustion such as reciprocating compressors can
be modified from the original design to reduce methane emissions by modifying and/or adding
pre- or post-combustion systems. For pre-combustion modifications, the air-to-fuel ratio (AFR),
spark ignition timing and inlet fuel composition can all be changed to reduce methane emissions.
The AFR system modifies the ratio between moles of air to moles of fuel entering the engine.
The air-to-fuel ratio is modified to reach either a lean burning condition with excess air after
combustion, a rich burning process with an excess of hydrocarbon after combustion, or a
stoichiometric combustion condition where both the moles of fuel and air are balanced with no
excess [22]. If the system is operating in a lean configuration, the unutilized air will absorb heat
from the combustion process, leading to incomplete combustion. This lean condition leads to
more VOCs, Carbon Monoxide, and excess methane. On the other hand, a rich-burning condition
leads to an incomplete combustion of the input hydrocarbon fuel, leading to a direct exhaust of
the hydrocarbon post-combustion. In order to reduce carbon emissions with an AFR
manipulation, the goal would be to get as close as possible to a stoichiometric combustion
condition.

The next pre-combustion system is to modify the spark ignition timing of the engine to
make the air and fuel mixture combust earlier or later than the original setting by the
manufacturer. When the spark timing is set to cause combustion before the initial engine setting,

it is called advancing the timing, while setting the spark timing to set off the combustion reaction



later is called retarding the timing. When the timing is retarded, the piston moves further in the
combustion chamber, increasing the volume of the combustion chamber. This condition reduces
the chance of knocking, decreases the power output, and causes a higher emissions output.
Knocking occurs when the fuel and air mixture combust before the piston reaches the top of the
rotation cycle, causing the combusted fuel mixture to push the crank shaft in the opposite
direction. Stopping the knocking phenomena is the primary goal of retarding the ignition timing,
and it can also be used when a fuel flame propagation speed is higher in fuel blending conditions.
Advancing the spark timing causes the air and fuel mixture to combust before the prescribed
timing by the manufacturer. Advancing the timing can reduce the emissions in an engine by
providing more volume, and therefore, time for the fuel and air mixture to completely combust.
Advancing the spark timing makes the engine more prone to knocking. Additionally, the smaller
volume at the time of sparking leads to higher temperatures and pressures within the combustion
chamber that may be outside of the material’s operating conditions. Advancing the timing of the
engine is used when changing the fuel composition to a faster-propagating flame, or when the
prescribed timing by the manufacturer is selected for long-term, non-stop operation without
consideration for the exhaust emissions.

The final way of modifying the pre-combustion conditions of an engine is to change the
fuel composition entering the engine. As the air and fuel mixture is ignited with either an electric
spark or through pressure, the rate at which the combustion reaction occurs will depend on the
hydrocarbon utilized. Each fuel has a different flame propagation speed and laminar flame speed,
along with differing emissions post-combustion. Flame propagation speed is the rate of growth
that the flame front experiences relative to the initial point of reference. Laminar flame speed,

also called burn velocity, is the propagation velocity of the fuel mixture present in the



combustion chamber relative to the flame front [23, 24]. Natural gas and liquefied petroleum gas
have a laminar flame speed of 34 cm/s and 38.25 cm/s respectively, while hydrogen has a flame
speed of 275 cm/s at 1atm and 293K [25]. The composition of the inlet fuel of an engine can be
blended to include faster flame speed fuels such as hydrogen to obtain complete combustion in
natural gas and petroleum fuels [26, 27]. The blending of hydrogen into natural gas-fed engines
reduces carbon oxides, nitrogen oxides, and methane emissions [28]. This reduction in emissions
is observed because hydrogen fuel lacks a carbon bond commonly found in hydrocarbon fuels,
reducing the production of carbon oxides and reducing or eliminating methane exhaust from the
engine.

Post-combustion emission reduction systems attempt to either recirculate or convert the
excess emissions emitted from the engine. Exhaust gas recirculation (EGR) inputs a portion of
the exhaust gas stream into the inlet air-to-fuel mixture to combust the unutilized fuel and reduce
the temperature of the exhaust within diluents such as carbon oxides and water [29]. EGR is
utilized in heavy-duty transportation systems for marine or freight industries to reduce nitrogen
oxides and excess unburned fuel emissions [30]. The other approach to post-combustion
emission reduction is to convert harmful emissions to less potent emissions using a heterogenous
catalyst. A heterogenous catalyst acts as a catalyst for a reactant while being in a different phase
[31]. Diesel and gasoline engines both utilize a catalyst-impregnated monolith made of some
form of porous alumina as a support structure, with the catalytic material differing by the fuel
used [32, 33]. Gasoline three-way catalysts utilize platinum, palladium, and/or rhodium to
convert CO to CO», reduce NO to N, and the reduction of unburnt fuels [34]. For diesel systems,
platinum group metals are utilized in a diesel oxidation catalyst for the oxidation of unburned

hydrocarbons, along with the reduction of ammonia and NOx. For NOy targeted emissions



reduction in diesel systems, a selective catalytic reduction system (SCR) is employed where
ammonia-based urea is injected into the exhaust stream over a vanadium oxide, iron, or copper
catalyst. The SCR system is implemented after the diesel oxidation catalyst in cases where
standard diesel oxidation catalysts are not enough to meet emission regulation [35]. The use of
electrochemical cells for post-combustion carbon capture is a novel and crucial field in carbon
reduction. Electrochemical cells rely on chemical and electrical power, with a fuel cell producing
power from a hydrogen and/or hydrocarbon feedstock while an electrolyzer produces hydrogen
and/or hydrocarbon feedstock with the input of electrical power. The exact feedstocks and
reactions depend on the construction, material, and type of electrochemical cell. Protonic
Ceramic Electrochemical Cells (PCEC) are a type of electrochemical cell that utilize a proton-
conducting electrolyte materials and utilizes a ceramic support [36]. PCECs have a lower
migration barrier than oxygen-driven electrochemical cells, allowing protonic ceramic
electrochemical cells to operate at a lower temperature while sustaining the required activation
energy for cell function [37]. Protonic ceramic electrochemical cells have internal reforming,
allowing the cell to utilize both hydrocarbon fuels and alcohol fuels as feedstocks. Protonic cells
that reduce hydrocarbons with an input of water, oxygen, and power to produce hydrogen are
called Protonic Ceramic Electrochemical Reactors (PCER). PCERs can be used to convert
excess methane emissions and carbon monoxide (CO) into carbon dioxide (CO») while
producing hydrogen (H») as a value-added product.

The challenge for reducing greenhouse gas emissions from industrial engines stems from
the scale in which they are used today, which also makes them a great target for reducing
greenhouse gas emissions. Implementing pre- and post-combustion methane-reduction systems

to industrial engines allows for the augmentation and adaptation of current combustion engines.



This approach of modification over replacement allows for a quicker methane reduction strategy
while sustaining our current industrial architecture. When implementing these technologies,
combining pre- and post-combustion systems into one industrial engine can bring greater
efficiency, longevity, and balance to the operation of the engine and the integrated methane-
reducing technologies. In this thesis, a combination of hydrogen blending, ignition timing, and
protonic ceramic electrochemical reactors will be used to reduce methane emissions from an
integral two-stroke natural gas compressor. The blending of hydrogen into natural gas and the
ignition timing is tested experimentally on an AJAX DPC-105 compressor. The protonic ceramic
electrochemical cell is mathematically modeled to simulate chemical conversion and cell
operating conditions. A Balance of Plant (BOP) model is developed in Aspen HYSYS to
simulate both the operating conditions and the recirculation of the produced hydrogen from the

PCER unit.



Chapter 2: Literature Review

The study of integrated methane mitigation strategies into one study requires literature for
individual technologies and any attempts to combine various methane reduction technologies. In
this literature review we will look at the modification of engine conditions, the modeling of
electrochemical cells, and the combination of various methane reduction strategies. The
modification of engine conditions includes changing the feedstock through blending fuels,
modifying the air to fuel ratio, changing the fuel injection timing, and changing the spark timing.

Natural gas blended with hydrogen is the primary focus for this section, but the blending
of ethanol, gasoline, diesel, biofuels, and ammonia with hydrogen were all observed [38] - [42].
The use of blended natural gas and hydrogen (HNG) is a widely studied field [43] - [57]. We can
further differentiate these studies by focusing on uncompressed natural gas [43, 47, 50, 51, 56].
Moreno et. al. studied the impact that blending hydrogen and natural gas at a content of 0, 10, 30,
and 50% hydrogen into a 4-stroke, 2-piston engine would have on the thermal efficiency and
pollutant emissions. The ignition timing was kept the same in the tests, while equivalence ratios
of 1, 0.8, and 0.7 were tested. Moreno found that a blend of 30% hydrogen and 70% natural gas
with an equivalence ratio of 0.8 was able to reduce NOx and CO; emissions while sustaining
similar Brake Thermal Efficiency [43]. Ingo et. al. studied the performance and emissions of a
spark-ignition (SI) engine when using HNG. The researchers kept a constant spark ignition
timing and used hydrogen contents of 0, 10, 15, 20, and 25% in the blended HNG fuel. Ingo
identified a reduction in hydrocarbon, carbon monoxide, and carbon dioxide emissions at all
tested hydrogen contents, along with a faster flame propagation at higher hydrogen contents in
the fuel [51]. The engine performance portion of this thesis will be conducting similar

experiments to the highlighted studies, with the difference being a smaller hydrogen content of 0,



10, and 20% hydrogen and an emphasis on emissions including methane specifically, carbon
oxides, and nitrogen oxides that were not discussed in the previously mentioned studies. A vital
difference in this thesis is the use of a two-stroke engine for experimental data, with all papers
found discussing hydrogen blending and ignition timing utilized a 4-stroke engine.

If we focus more on the spark ignition timing and less on the inlet fuel conditions,
various studies have analyzed spark ignition timing and hydrogen blending from an engine [38,
41, 46, 47,48, 51, 57, 58]. Nitnaware et. al. studied the impact that maximum brake torque
spark ignition timing would have on an engine running on blended hydrogen and compressed
natural gas (HCNG). Researchers modified the revolutions per minute (rpm), the HCNG contents
by 5% for 0-15% hydrogen, the fuel injection pressure, and the equivalence ratio. Nitnaware
observed that a 5% hydrogen blend at 2500rpm allowed for a compromise between nitrogen
oxides emissions and engine performance. They observed both a reduction in carbon monoxide
and an increase in hydrocarbon and NOx emissions. Ichikawa studied the use of a retrofit kit that
would replace natural gas as a feedstock. They modified the spark ignition timing of the
hydrogen to match the crank angle at which the natural gas mass fraction was 50% burned.
Ichikawa identified a NOx emission reduction of 25% and a thermal efficiency improvement of
2% [50]. Nitnaware et. al. and Ichikawa modified the spark ignition timing to meet a specific
fuel and/or engine condition, while this thesis advances and retards spark ignition timing more
generally to identify emission reductions. Additionally, this thesis keeps the engine at set load
conditions instead of consistent full load.

With the primary focus of this thesis focusing on combining multiple methane mitigation
strategies, a review surrounding this combined system is conducted. The use of exhaust gas

recirculation (EGR), spark ignition timing, and HNG blending were the only combined methane
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reduction systems that were found in the literature [59] - [61]. The idea proposed by Hu et. al. is
to use hydrogen in natural gas engines that utilize EGR as a way of regaining engine power
losses that are encountered when using higher levels of EGR. Hu et. al. tested 0-40% hydrogen
content HNG in increments of 10%, EGR rates of 0-40% in increments of 5%, and an observed
range of spark ignition timing from 15-65BTDC. Hu et. al. found that advanced ignition timing
was ideal for an increased EGR rate, and that the introduction of hydrogen allowed for less
advancement of the timing [60]. This thesis analyzes spark ignition timing and the blending of
hydrogen into natural gas like the observed papers, but EGR is not considered. Outside of EGR,
this thesis uses 0-20% H2 blends at a set engine load and spark timing, while Hu et. al. used 0-
40% blends at a target ignition timing to reach maximum load conditions. Hu et. al. utilized a 3-
piston, 4-stroke engine while this thesis focuses on a single-piston, 2-stroke engine. Outside of
direct engine modifications to reduce methane emissions, this thesis proposes the use of a post-
combustion protonic ceramic electrochemical reactor (PCER) to reduce exhausted methane
emissions. The following section with review literature surrounding the modeling of
electrochemical cells for methane reduction.

Electrochemical cells utilize electrical and chemical energy to either produce power or to
convert chemicals into a more desired product. Solid Oxide Electrochemical Cells (SOEC) and
Protonic Ceramic Electrochemical cells (PCEC) are utilized when converting hydrocarbons
because of their high operating temperatures. SOECS operate at 800-1000°C and PCECs operate
at 500-700°C, allowing for internal reforming to occur in the cell [62, 63]. SOEC models utilize
oxygen (O-SOEC) for the production and transportation of hydrogen, but these models have
been modified to use protons (P-SOEC) for the transport and production of hydrogen [64] - [66].

The term proton conducting solid oxide electrochemical cells refers to a high-temperature cell
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that uses an electrolyte that is targeted at proton transport, while sustaining the same solid oxide
and/or ceramic oxide membrane [67]. Protonic ceramic electrochemical cells are a specific
design of P-SOECs that use proton-conducting ceramics, operate at intermediate temperatures
under 700°C, and use proton transport only [68]. Protonic Ceramic Electrochemical Reactors
(PCER) are a specific type of PCECs that are designed specifically for chemical manufacturing.
Proton Membrane Reactors (PMR) are similar to PCERs, but the literature for PMRs may have
them using P-SOEC materials and/or operate at temperatures higher than what would be
traditionally considered PCECs [69] - [72]. This thesis focuses on methane conversion using
tubular protonic ceramic electrochemical reactors, so PCRs that utilize the same feedstock and
chemical reactions will be called PCERs. An emphasis in this literature review will be made on
identifying operating temperatures for PCER studies to emphasize the distinction between this

thesis and the cited study.

Hydrogen, ammonia, methane, methanol and ethane have all been used as fuel in the
modeling and construction of protonic ceramic electrochemical cells [73] - [77]. The use and/or
production of these fuels is dependent on the configuration, with a fuel cell configuration
utilizing the fuels to produce electrical power, while an electrolyzer configuration requires an
input of electrical power. The modeling and production of protonic ceramic fuel cells is targeted
chemical manufacturing and power production capabilities [76] - [79]. Lei et. al. constructed and
tested a PCFC that produced electricity and ethylene when fueled with ethane. The cell used a
BCZYYb electrolyte, a LSCF cathode, and a PSFNCu anode. The cell was able to achieve a
power density of 200 mW cm and an ethylene yield of 41.6% at 750°C [77]. Norman et. al.

developed a mathematical PCFC model to simulate the conversion of methane to benzene while
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producing power. The model utilized a Mo/ZSM-5 catalyst and Langmuir-Hinshelwood
expressions for kinetic modeling. The model achieved 18% methane conversion and 70%
benzene selectivity when operating at 700°C. Research in modeling and developing protonic
ceramic electrolyzer cells has been focused on chemical production through the use of either
hydrogen or methane [69, 70, 71, 72, 74, 80, 81, 82]. Li et. al. developed a 2D numerical model
to simulate the production of hydrogen in a PCEC using a cell input of air and water. The
modeled cell utilized a BCZYYD electrolyte, a BCFZY anode, and a Ni-BCZYYb cathode. Le et.
al. obtained a faradaic efficiency of 82% and a current density of 0.4cm™ at 600°C. Naji et. al.
developed a 2D model PCER using OpenFOAM that converts methane to carbon dioxide (CO»).
The modeled cell utilized a BCZY electrolyte with a Ni-BCZY anode and cathode. The model
cell operated at 800°C and utilized a methane concentration of 23.4%. Naji et. al. was able to
obtain a methane conversion of 99.7% at an operating current density of 0.375 A/cm? [70]. Clark
et. al. constructed and modeled a PCER unit fueled by ammonia (CH3), methane (CH4), and
biogas to produce hydrogen with a CO» exhaust. They manufactured a 36-cell reactor stack
utilizing a BZCY electrolyte, a Ni-BCZY anode, and a Ni-BZCY cathode. The PCER stack was
modeled using a Multiphysics simulation operating at 750°C , a mean current density of 0.6
A/cm?, and a methane concentration of 28.6%. The experimental cell and model were able to
obtain complete methane conversion with a >99% recovery of hydrogen [69]. Similar to these
studies, this thesis will model protonic ceramic electrochemical reactors that convert methane
into carbon dioxide with the production of hydrogen. The model developed in this model will
utilize a Ni-CeO; anode for the fuel-side reactions, changing the cell kinetics and operating
conditions of the cell. The molar concentration of the methane will be much lower than the

discussed studies, utilizing unburned methane instead of a consistent, high concentration feed.
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Various studies have modeled protonic ceramic electrochemical cells as a combined
cycle [74, 76, 83]. Wang et. al. simulated a combined solar power plant and a protonic ceramic
electrolysis cell. The solar model consisted of a solar heating unit that feeds the heated liquid
into a SCO; Brayton cycle. The power generated from the Brayton cycle is fed into a 30,000-cell
PCEC unit to generate hydrogen. The PCEC used a multi-physics model that consisted of a
BCZY electrolyte, a Ni-BCZY cathode, and a BCZY-SSC anode operating at 650°C. Wang et.
al. obtained an overall thermal efficiency of 41.41%, an exergy efficiency of 26.65%, a net
power output of 730kW, and a hydrogen production rate of 80.52Nm?/h [83]. Sasmoko et. al.
modeled a methanol-fuel PCFC and gas turbine (GT) combined cycle. The cathode air
management system was used for both the cathode of the PCFC and as air for a combustion
chamber. The anode stream consists of a steam reformer that feeds a stream consisting of 67%
H; into the anode, with the exhausted stream from the anode being fed into a combustion
chamber. The exhaust from the combustion chamber is used to power a gas turbine. The PCFC
was modeled in Thermolib, utilizing a cerium strontium ytterbium oxide (CSYO) electrolyte and
platinum electrodes (anode and cathode). The cell was operated at a current density of 800A/m?
and a temperature range of 1073K-1273K. The proposed PCFC/GT system by Sasmoko et. al.
obtained a combined system efficiency of 66.5%. Similar to the model developed by Sasmoko,
this thesis will utilize exhausted gases from another system as fuel for the PCEC unit. The
primary difference is that this thesis is utilizing a protonic ceramic cell in an electrolyzer
configuration as a PCER, while Sasmoko modeled the protonic ceramic cell in a fuel cell
configuration [76]. This thesis does not model the power source for the PCER as Wang et. al.

had demonstrated, instead focusing on the integration of a PCER into the exhaust stream of an
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engine that is fuel by HNG with an integrated hydrogen recirculation system modeled in Aspen

HYSYS.
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Chapter 3: Methodology

In this section we will be introducing the equipment, theory, and testing procedures for
the engine methane mitigation techniques, PCER modeling, and Aspen HYSYS Combined
Engine/PCER System. All the equipment utilized in this thesis is sourced from the Renewable

Energy and Carbon Management Center at the University of Oklahoma.

3.1: Engine Methane Mitigation Technologies

This section will investigate the theory surrounding how unwanted exhaust emissions are
created in a combustion environment. When natural gas is combusted in an engine, hydrocarbon
and other harmful emissions are emitted due to a non-stoichiometric combustion condition. For
the sake of this analysis, methane will be used because of its high concentration (87-96%) in
natural gas [84]. When the engine combustion is balanced stoichiometrically with a theoretical
fuel source of methane and an assumption of no dissociation, the exhaust will contain carbon

dioxide (CO.), water (H20), and unburned nitrogen (N2) as shown in Equation 1.

Equation 1: Stoichiometric combustion of methane

CH, + 2 * (0, + 3.76N,) > CO, + 2H,0 + 7.52N,

This composition considers the air to be composed of 21% oxygen and 79% nitrogen [85]. When
we look at a non-stoichiometric combustion condition, we can have an excess or lack of
hydrocarbon fuel, oxygen, nitrogen, and/or other compounds from the air and/and fuel. Methane
being present on the product side means that it was not completely combusted, meaning that
there was not enough oxygen in the system, the time between the fuel spark and the exhaust port
opening was too small, or the flame front was not fast enough to combust all the available fuel.

Because the engine is operating in a lean burning condition, the flame front speed and/or the
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exhaust port opening too soon are more likely reasons. Carbon dioxide forms from
stoichiometric combustion and then there is an excess in air, but carbon monoxide only forms

when there is a lack of oxygen as shown in Equation 2 [86].

Equation 2: Half reaction mechanism for the Incomplete combustion of methane

2CH, + 30, - 2C0 + 4H,0

Nitrogen oxides, primarily nitrogen monoxide and nitrogen dioxide, are formed when excess air
is present in the combustion system. NO> is formed from NO and occurs in states of rapid
cooling [87]. NO can be formed through thermal, prompt, and fuel sources. Thermal NO is an
oxidation reaction from atmospheric nitrogen that is part of the exhaust stream. Prompt NO
comes from the reaction of atmospheric nitrogen with hydrocarbon radicals in fuel-rich regions
of combustion. Fuel NO comes from the oxidation of nitrogen in the fuel. Because this analysis
for chemical kinetics uses methane in a lean-burning condition, we will not be considering fuel
NO or prompt NO. Thermal NO stems from the Zeldovich two-strep mechanism shown in Table
1. This mechanism is thermally driven, with the rate constants being exponentially related to the

reaction temperature.

Table 1: Zeldovich two-step mechanism for the thermal formation of nitrogen oxide

Mechanism [87] Rate Constant [88]
—37,900
N,+0=NO+N Kenermais = 1.4 x 10M x e 1 )
—3140
N+0,=N0+0 Kenermatz = 6.4 x 10° x T )
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3.1.1: Spark Ignition Timing Modification Theory

The input of fuel and air are both mechanically controlled, with the air intake and exhaust
occurring when the piston gets to an opening in the respective engine block sections shown in
Figure 1. Because of this design, the ignition timing is the only way to directly modify the firing

of the engine.

Figure 1: Combustion Chamber Design with Air intake Cutouts

The spark ignition system utilizes a magnetic strip attached to a rotating flying wheel. When the
fly wheel is spinning, the magnetic strip passes a stationary pick-up coil in the shape of a block,
initiating the spark system. The spark system utilizes an alternator connected to the pick-up coil,
sending a small charge to two ignition coils that initiate the electric spark at two corresponding

spark plugs as seen in Figure 2.

18



Magnet

Ignition
Coils

Figure 2: Spark Ignition System for an AJAX DPC-105.

In order to modify the spark timing of the engine, the pick-up coil has been mounted a Z-axis
slotted bracket as shown in Figure 3a. When the pick-up coil is moved down, the timing is
retarded, and the spark will occur later than originally set. When the pick-up coil is moved up,
the timing is advanced, and the spark will occur earlier than originally set. This phenomenon is
shown in Figure 3b, with the pick-up coil block movement correlating to a position on the
flywheel. The terminology used when describing the timing of the spark event is based on the
angle of the crank shaft relative to the piston position in the combustion chamber. When the
piston is at the top of the combustion chamber closest to the spark plugs, the piston is at Top
Dead Center (TDC). When the piston reaches the lowest point in the combustion chamber
furthest from the spark plugs, the piston is at Bottom Dead Center (BDC). This thesis will use
the angle before top dead center (ABTDC) as the unit of timing in degrees. The bracket shown in
Figure 3a allows for the movement of the pick-up coil up to 9 degrees of retarding the original
setting and 5 degrees advancing the original setting. Due to the danger of knocking in the engine,

the advancing angles are further limited when compared to retarding angles.
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Figure 3: (a) Pick-up Coil Z-axis slotted bracket, (b) Advancing and Retarding Correlation
Diagram

3.1.2: Hydrogen Natural Gas Blending Theory

This thesis blends hydrogen into an existing natural gas line that is fed into a mixing tank
prior to entering the engine as shown in Figure 4a. The natural gas line is fed into a T-shaped
pipe adapter that directs the blended gas into a mixing tank. The blended fuel from the mixing
tank is drawn into the engine from the internal pressure of the engine once the pressure reaches
high enough to open the fuel port valve. The blending at the T-shaped pipe adapter shown in
Figure 4 has a narrow pipe fitted at the bottom entrance that injects hydrogen. The injection pipe
is installed slightly above the center line of the T-shaped pipe adapter so as to not restrict the

flow of natural gas and to reduce the production of turbulence at the joint.
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Figure 4: (a) Fuel system blending schematic, (b) Natural gas line modification to include an
injection line above the angle change in the t-shaped pipe adapter.

Hydrogen is sourced from a hydrogen tank that is controlled using a pressure regulator. The flow
is then modulated with a mechanical directional control flow valve and a mass flow meter to

control the hydrogen flow to the mixing tank.

Calculating the hydrogen flow rate is necessary to obtain a specific ratio of natural gas
and hydrogen requires knowledge of the temperature, pressure, density, and gas compositions
being used within the system. Without a direct measurement system for the composition of
natural gas and hydrogen in the mixing tank, Aspen HYSYS was used to simulate the blending
phenomenon. The model utilized the mass flow rate and stream temperature from the natural gas
flow sensor, the flow regulator pressure from the natural gas line, and the hydrogen tank

regulator pressure as the primary input for the model shown in Figure 11.
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Figure 5: Aspen HYSYS HNG blending model

In order to calculate the target hydrogen content, a simulated regulator was created. The
regulator changed the molar flow rate for the hydrogen steam to reach the target hydrogen molar
composition in the mixing tank stream, which is called the “product” in Figure 5. The required
hydrogen volumetric flow rate, called the “Actual Volume Flow” in the model, is obtains from
the “properties” tab within the stream console as shown in Figure 6. The “Actual Volume Flow”
from the model takes the operating temperature and pressure into account, providing an accurate

density value when calculating volumetric flow.

| Stream Name H2 Vapour Phase
Molecular Weight 2016 2016
Molar Density [kgmole/m3] 0.1616 0.1616
Mass Density [kg/m3] 0.3257 0.3257
Act. Volume Flow [ft3/min]) 0.8184| 0.8184
Mass Enthalpy [kJ/kg] -250.9 -250.9

Figure 6: Volumetric flow rate property for the hydrogen flow rate obtained after setting the

product concentration target.
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3.1.3: Spark Ignition and Hydrogen Blending Equipment

Table 2: AJAX DPC-105 engine specifications [89].

Engine Type AJAX DPC-105
Rated Power (bhp) 105
Rated Speed (rpm) 425
Cylinder Count 1
Stroke 2
Bore x Stroke (in) 12x 14
Air Intake Mechanism Naturally aspirated
Swept Volume (in%) 1583
Ignition Method Spark ignition
Cooling mechanism Water-cooled

The engine-based methane reduction strategies utilize an AJAX DPC-105 natural gas
compressor shown in Figure 7. The engine is a natural gas-fed, two-stroke, naturally aspirated,
and spark-ignition integral compressor as detailed in Table 2. The natural gas engine and

compression diagram is shown in Figure 8.
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Figure 7: AJAX DPC-105 natural gas-fed, two-stroke compressor

The natural gas engine and compression diagram is shown in Figure 8. The fuel for the engine is
drawn directly from the city line and the pressure is controlled by a pressure regulator. The
compression side of the engine utilizes a closed circulation system that is controlled through
regulators. The natural gas entering the engine is regulated through the suction pressure
regulator, and the pressure of the compressed gas coming out of the engine is regulated using a
discharge pressure regulator. The compressed natural gas exiting the compressor enters a high-
pressure tank that circulates the fuel back to a three-way T-joint pipe adapter that is split between
the outlet of the makeup tank and the stream entering the suction pressure regulator. The adapter

is used to allow the makeup tank to sustain fuel content in the compression cycle.
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Figure 8: Engine Operation Schematic

Table 3: Equipment utilized in engine testing

Sensor Type Make Model
Omega PX359 [90]
Pressure Transducers
ChampionX Windrock 6400 Kit [91]
Pressure Gauge WIKA Bourdon Tube Liquid Fill
Fox Thermal FT1 [92]
Flowmeters
Emerson Micro Motion F025S [93]
Temperature Dwyer Omega NBI-ICIN-INDUST-TC [94]
MKS MultiGas 2030 FTIR [95]
Gas Analyzer ECM NOxCANt NOx/O2 Module
[96]
Engine Speed (RPM) ChampionX Windrock 6400 Kit [91]
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Magnetic Pickup

Dial Caliper n/a n/a

The calculation for the engine load was conducted utilizing the AJAX Powerflow
compressor simulation. The simulation software allows for the calculation of the engine
horsepower (HP) with the input of the suction pressure, discharge pressure, and engine RPM.
The engine load is calculated by dividing the engine load from Powerflow by the theoretical

maximum HP from the system shown in Equation 3.

Equation 3: Load percentage calculation

HPoperational

Load % =
HPmax

The engine RPM fluctuates as a load is placed on the compressor side when first turning the
engine on, with the added pressure on the compressor side actively resisting the engine side.
Once the system reaches equilibrium, a slight fluctuation will occur between the suction pressure
and the RPM of the engine. Due to this fluctuation, the actual load calculation in Powerflow is

made using the average suction pressure, discharge pressure, and engine RPM for verification.

In order to obtain engine operational data, the system is equipped with flow meters,
pressure sensors, and temperature sensors detailed in Table 3. To obtain data about engine
modifications, an ECM NOxCANt kit NOx/O2 amperometric sensor, an MKS 2030 infrared
Fourier Transform Infrared Spectroscopy (FTIR) gas analyzer, a dial caliper, and a Windrock
6400 portable engine analyzer kit were used. An Emerson Coriolis flow meter was used to
measure the mass flow rate and stream temperature of the natural gas feed shown in Figure 9a. A

Fox Thermal flow meter shown in Figure 9b was used to measure the volumetric flow for the
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hydrogen inlet feed and the air intake. The flow meter is a thermal mass flow meter that utilizes

inlet pressure and temperature to calculate the respective volumetric flow rates.

Figure 9: Flow meters used in experimentation, (a) Emerson flow meter for natural gas stream,
(b) Fox Thermal flow meter for air and/or hydrogen data collection.

The collection of pressure data was obtained by either visual or data-collection methods. The
mixing tank and fill tank pressures are obtained using a pressure gauge and visual inspection.
The hydrogen feed line pressure was set using a pressure regulator, with the pressure data being

obtained through visual inspection.
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Figure 10: (left) Mixing tank pressure gauge, (right) hydrogen tank pressure regulator

The suction and discharge pressures are collected using an omega PX359 pressure transducer
shown in Figure 10. The pressure transducers transfer data digitally, allowing for direct
collection and monitoring of the engine. The engine cycle pressure from the combustion chamber
is obtained using the Windrock 6400 combustion analyzer connected to a high-temperature and

high-pressure-rated pressure transducer shown in Figure 11.
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Figure 11: (a) Omega pressure transducer and temperature sensor, (b) Windrock 6400 pressure
transducer attachment

All temperature data was collected with Dwyer Omega Protection headed J-Type thermocouples
shown in Figure 11. The speed of the engine was obtained through both a Windrock Encoder that
connects to the Windrock 6400 and a mounted magnetic pickup on the flywheel cage shown in

Figure 12.
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Figure 12: (a, left) Permanent Magnetic RPM Encoder, (b, right) Windrock Magnetic Encoder

The emissions data is obtained using an MKS FTIR gas analyzer and a NOx/O> amperometric
sensor. The MKS analyzer utilizes a probe connected to the exhaust pipe of the engine before the
emissions reach the catalyst. The primary gas data collected from the MKS analyzer includes
CO, CO2, NO, NO, H>0, and CHa. The gases are transferred in a heated pipe by way of a pump
before entering the gas analyzer stored within the lab building shown in Figure 13. The MKS
analyzer utilizes liquid nitrogen for cell cooling and a nitrogen gas stream to purge any air from
the lines. The ECM NOxCAN kit includes both a NOx/O2 amperometric sensor and a digital
interface to collect data as shown in Figure 14. The amperometric sensor is used to collect
immediate data regarding combined nitrogen oxides (NOx) and oxygen (Oz) content in the
exhaust stream. The NOx/O> sensor allows for the collection of oxygen values that the MKS does

not contain, along with an additional source of combined NO and NO; data in the form of NOx.
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Figure 14: NOxCANt amperometric NOx/O: sensor kit to measure oxygen and nitrogen oxides in

the engine exhaust stream
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3.1.4: Spark Ignition and Hydrogen Blending Testing Procedures

The spark timing and hydrogen blending will be tested together. The ignition timing
baseline is set to 11° BTDC, with all experimentation operating the engine at 60% a load
condition with no modification to the air intake system. The spark timing will advance to 12°
BTDC in increments of 0.5° and advanced to 9° BTDC in increments of 1°. At each angle, the
hydrogen to natural gas concentrations will be modified in the range of 0-20 mole percentage

mol %) H: in increments of 10% H». The resulting testing conditions can be found in Table 4.
g

Table 4: Test parameters for the methane reduction using combined spark ignition timing and

blended HNG
Angles off Actual Spark Inches off 0 Hydrogen Mole Fraction # Tests
Baseline angle Timing Angle for magnet (%)
-1 12 BTDC 0.47124 0%, 10%, 20% 3
-0.5 11.5 BTDC 0.23562 0%, 10%, 20% 3
0 11 BTDC 0 0%, 10%, 20% 3
1 10 BTDC 0.47124 0%, 10%, 20% 3
2 9 BTDC 0.94248 0%, 10%, 20% 3

All of the emissions data will be converted to a dry basis and an oxygen content of 15% oxygen
shown in equations Equation 4 and Equation 5 respectively. In Equation 4 PPM,,.; represents
the gas ppm with water in the line and H,0 % represents the water content in the gas stream. In

Equation 5 PPM,., represents the gas stream content if no water was in the line obtained from

Equation 4 and 0,% is the oxygen content percentage. This modification to the data allows for a
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fair comparison between each run, with fluctuations in the oxygen content and water content

impacting the comparability of each run [97].

Equation 4: Dry basis emission conversion [97]

PPM,,s;
(1 — H,0 % * 0.001)

PPMg,,, =

Equation 5: 15% O2 conversion from operational oxygen content [97]

(20.9 — 15)
(20.9 — 0,%)

PPMs54,0, = * PPMgyy

The oxygen data is averaged per timing and hydrogen blend setting to obtain a more accurate

02% reacting from the amperometric NOx/O> sensor.

3.1.5: Spark Ignition and Hydrogen Blending Validation Theory and Procedure

The replicability of the experimental data for the spark timing modification and hydrogen
blending will be validated by taking the same operational conditions and equipment but
operating the engine at a load of 55%. The impact that the blending and timing modifications
have on the engine performance will be validated by analyzing the thermal efficiency of each
angle and fuel composition for both 60% and 55% engine loads. The indicated thermal
efficiency, 1,75, relates the observed engine operational conditions to the amount of energy
provided to the engine in the form of fuel and was introduced by Nguyen [97]. The equation for
indicated thermal efficiency, 1,75, is a ratio of the speed in revolution per minute (RPM), swept
volume that the piston travels, V,ep¢, and the indicated mean effective pressure (IMEP) to the
product of the fuel flow rate entering the engine and the caloric energy that the fuel provides in

the form of the heating value (HV) shown in Equation 6.
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Equation 6: Indicated thermal efficiency equation [97]

IMEP * Vgyopt * RPM
mfuel * HV

Nite =

The IMEP is the average pressure across a piston cycle. This is calculated by first obtaining data
from the Windrock pressure sensor, which provides a pressure value at each of the 360-degree
crank angles for 251 cycles. The difference in pressure for each section in the combustion
chamber is collected and averaged. This value is then divided by the full volume swept shown in
Equation 7, which is the volume that the piston traveled to top dead center and bottom dead
center twice.

Equation 7: Indicated mean effective pressure equation [97]

2Py — Pi_q) xdV

IMEP =
2 % szept

The values for the RPM, mass flow rates, pressures, and heating values change for every test due
to outdoor temperature and engine conditions, so the input values will be provided in the results

section.

3.2: PCER Methane Conversion Modeling

Protonic ceramic electrochemical reactors allow for the conversion of exhaust methane
emissions from an engine. The cell is in a tubular configuration where the engine exhaust enters
an internal tube coated with catalyst materials on the walls of the tube. An outer tube is mounted
around the catalyst-coated tube to capture and transport the produced hydrogen from the cell. All
unreacted chemical compounds and products of the hydrogen production process exit from the

small tube as shown in Figure 15. This thesis will utilize a PCER constructed with a nickel-
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supported Cerium Oxide (Ni/CeO2) anode, a nickel-supported barium zirconium yttrium cerate
(Ni/BCZY) electrolyte, and a Ni/BZCY cathode. Ni/BCZY is a common material for PCER
electrolytes, anodes, and cathodes, so this will act as a method of validation for the cell
operation. The novel component of the model lies with the use of Ni/CeO: for the anode, which
has been theorized as reducing the required operational temperature of the cell while sustaining a

high rate of methane decomposition [98, 99].

CH4 Oxidation  Water Gas Shift  CH4 Reforming Steam Electrolysis
L P L P’S L P [ P
p— g N ~__
Anode Ni/Ce02
Power I l .
* Electrolyte Ni/BCZY
Source l I " l OH+l
Cathode Hydrogen Evolution Ni/BCZY
H2

/

CH4 — | DryH2
H20 | ]

co N = \ 20
U ) 5
X5 Cc02

Figure 15: PCER model operational and structural diagram

In this section we will be exploring the development and theory behind a PCER mathematical

model equipped with reaction, molar balance, and electrochemical sub models.

3.2.1: PCER Theory

The methane to CO; Protonic ceramic electrochemical reactor anode conducts methane
oxidation, steam methane reforming, and water gas shift reactions while the cathode conducts the

hydrogen evolution reaction. These reactions are summarized in Table 5.
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Table 5: Chemical reactions used in PCER modeling

Enthalpy
Reaction Stoichiometry
(kJ/ml)
Methane
Oxidation [100], CH4, + 202 - C02 + 2H20 -802.7
[101]
Steam Methane
Reforming [102], CH, + H,0 - CO + 3H, +206
[103]
Water Gas Shift
[102], [104], CO + H,0 - C0O, + H, -41.9
[105], [106]
Steam
. 1
Electrolysis[107], H,0 > =0, +2H* + e~ n/a
Hydrogen 2
[108]
Electrolysis
Hydrogen
2H* + e~ > H, n/a
Evolution [70]

Methane oxidation (MO) in this thesis is defined as the use of a catalyst to break the C-H bond in
the methane and oxidize the respective carbon and hydrogen elements [109]. This allows the

formation of carbon dioxide and dihydrogen monoxide, as shown in Equation 8.
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Equation 8: methane oxidation reaction stoichiometry

CH, + 20, > CO, + 2H,0 [1]

Methane is considered a very stable compound, requiring a high activation energy to break the
present carbon-hydrogen bond. This is also due to the ethane intermediate reactions from CHj4 to
CO, with water interactions after each half-cell reactions allowing for the decomposition of
CH;0H to HCHO and finally to CO [110]. Due to this high activation energy, the catalyst must
operate at a higher temperature to sustain high rates of conversion [100]. Steam Methane
Reforming (SMR) shown in Equation 9 is defined as an endothermic process that uses water

vapor to break the C-H bond in CHa.

Equation 9: Steam Methane Reforming Stoichiometry

CH, + H,0 - CO + 3H,

The catalyst in the SMR process holds the broken carbon molecule through adsorption on the
catalyst surface before the gaseous water interacts with the adsorbed carbon molecule to form

CO shown in Equation 10 [111].

Equation 10: Partial reaction for steam methane reforming over a metal catalyst [111]

CH, - C(ads) + 2H,

C(ads) + H,0 - CO + H,

The steam methane reaction is difficult to start because the C-H bond is so stable, requiring a

high temperature, pressure, and catalytic activity. The environmental conditions of the PCER
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unit can be reduced with more effective catalytic material in the anode. The final reaction for the
anode is the Water Gas Shift reaction (WGS) shown in Equation 11. This thesis will use the
associative mechanism, also called the Langmuir-Hinshelwood mechanism, for WGS because of
the lower operating temperature of the PCER cell. The associate mechanism postulates that the
CO and H>O adsorb onto the catalyst surface, decomposing on the surface to form CO> and H>

[112].

Equation 11: Water Gas Shift reaction stoichiometry

CO + H,0 - CO, + H,

The water gas shift mechanism is vital in the conversion of carbon monoxide to carbon dioxide,
with the carbon dioxide being the goal for the PCER exhaust stream. For this thesis, the cathode
side will only contain the Hydrogen Evolution Reaction (HER). Hydrogen evolution is an

electron-driven mechanism that combines the input power to the cell and the diffused hydrogen

to form dry, gaseous hydrogen shown in Equation 12.

Equation 12: Hydrogen Evolution Reaction stoichiometry
2H* + e~ > H,
Hydrogen evolution is an electrochemical process, so the reaction is estimated based on the

electrochemical model discussed in section 3.2.2: PCER Modeling Framework instead of being

calculated through traditional kinetic equations.

3.2.2: PCER Modeling Framework

The PCER model relies on the modeling framework constructed by Norman et. al., with
the mole balance, energy balance, and electrochemical model being the same [78]. The adopted

model operates using engineering equation solver (EES) and is modified to include a real-world
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exhaust emission composition, varied geometry, different reaction kinetics, and varied diffusion
mechanisms. The most significant modification to the model was made in the kinetics sub model
and cell geometry, with Norman et. al. utilizing a Mo-ZSM-5 electrolyte and a variety of other
materials to source anode and cathode material characteristics, while this thesis will focus on the
specific material properties of Ni/BCZY and Ni/CeO,. Deviation from these materials will be
specified, with an experimental version of the modeled cell not in production as of the

completion of this thesis

The model is a steady-state, isothermal, 2-D model that is discretized along the length of
the cell and at different segments of the cell construction shown in Figure 16. The cell is
discretized into 6 partitions, with partition 1 being the fuel entry tube, partition 2-4 being the
PEM structure (anode | electrolyte | cathode), partition 5 being the hydrogen transportation tube,

and partition 6 being the outer containment tube.

‘Outlet Hydrogen Outlet Fuels

1/

Outer  Cathode Electrolyte Anode
Tube

Figure 16: The geometry of the PCER model
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The cell is considered symmetric for all layers of the PCER model. The active area of the cell
layers is calculated using the average radius of the fuel delivery tube-anode interface and the air
delivery tube-cathode interface shown in Equation 13. This equation is utilized in calculating the
gas species concentration and utilized throughout the electrochemical sub model. The active area

takes the average radius of the fuel delivery tube and the area up to the cathode-air tube interface.

Equation 13: Cell active area equation

t+n

A=2
* T % >

* Lcell

The anode area is another geometrically significant calculation, being used in calculating the
flow rate for the model and the interconnect area. The anode area is calculated using the specific
area of an open tube shown in , with t,,, being the anode thickness and L.;; being the cell

length.

Equation 14: Surface area of the anode equation

Agnode = 2 * T * tgpn * Leey

The interconnect design utilized by Norman et. al. is adopted into this PCER model. Norman et.
al. considered the interconnect to be a rectangular shape along the walls of the inlet tube. This
thesis utilizes a tubular PCER without a dedicated feed tube and fuel flow channel, instead using
the feed tube walls as the electrode structure itself. Although the method for fuel interaction with
the catalyst membrane is different, the same general interconnect area equation is used by

Norman in Equation 15 [78].

Equation 15: Interconnect area

raverage

AICZZ*T[*( )*TFDT
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_ r[1] +r[4]

raverage - 2

The flow rate for the fuel utilizes the Gas Hourly Space Velocity (GHSV) when describing the
flow rate in relation to flow over a catalyst. Bobrova provides a specific surface area (SSA) value
of 82 m?*/mg for Ni/CeO2 with a nickel loading of 5% [113]. The model that Norman developed
uses mass flow in units of Kg/s, so the anode surface area, A,,,04e, Was used to convert the
specific surface area to grams as shown in Equation 16. The equation requires the conversion of

SSA from grams to kilograms and the GHSV needs to be converted to seconds.

Equation 16: Fuel flowrate across the anode in units of mass flow (kg/s)

) ( 1 ) (GHSV) 2
= *k E3
M= \5sa 1000/ “\ 3600,/ " “ancde

The final variable that we will discuss is the catalyst mass. Some reaction rates are provided in
units of mols per catalyst grams per second (mol/gcat*s), so the mass of the catalyst must be
calculated. Using Equation 17, the mass of the anode catalyst can be obtained. The density of a
catalyst material, calculated in Equation 19, must be converted from particle density to the bulk

density to account for the porosity of the material [114].
Equation 17: Mass of catalyst calculation

Megtni = Poulk * Vanode

Equation 18: Volume of the anode

— 2 2
Vanode =T * Lcell * (T3 ) )

Equation 19: Conversion of particle density to bulk density

Pbulk = 1- (I)) * Pparticle
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3.2.2.1: Mole Balance Model

The mole balance model is built on the reactions occurring on the anode and cathode
surfaces. The molar flow of each inlet compound is balanced for the water gas shift (WGS),
steam methane reforming (SMR), methane oxidation (MO), and hydrogen evolution reaction
(HER). The molar flow for each compound, N, is derived by first obtaining the inlet molar
concentrations and then finding the molar concentration along the cell. Because the mole balance
model is considered to be steady state, the molar flow is the number of moles for each
compound. The inlet molar flow for each compound, N, , is found by multiplying the total inlet

mass flow rate, 1Mye;/qir to the mole fraction, X, and dividing that product by the molar mass

of the compound, MM, shown in Equation 20.

Equation 20: inlet molar flow per compound

Xc * mfuel/air
Neo ="Jim,
c

We then derive the molar concentration for each compound across the cell, N, ;, by dividing the
mass of each compound by the molar mass for the respective compound shown in Equation 21.
Equation 21: Moles for each compound across the cell

mC
MM,

Nc,i =

The mole count, N, is the variable used when balancing the reactants and products from each
reaction. The reactions occurring in the cell are the driving variables for changing the fuel
concentrations along the cell. Because of this, the reactions are in the unit of moles as well due to
the steady state nature of the model. The mole balance model calculates the current mole count

of a given compound by subtracting the precious mole count for those compounds and then
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either adding or subtracting the mole count that is being produced or utilized in the reaction
kinetics sub model. In order to simulate the diffusion of hydrogen to the air side, a diffusion

coefficient is added called ry;¢¢[i]. The diffusion of hydrogen is important because fuel

accumulation in the fuel channel would cause any reaction that creates hydrogen to run in
reverse due to a high hydrogen concentration. Adding in the diffusion of the hydrogen allows for

more accurate reaction kinetics to take place along the length of the cell.
0= Ncy, [i—1]- NCH4[i] — Ter[1] = Timo 1]
0 = Ncoli — 1] — Neo[i] — 1ygsli] + 7 [i]
0= Ny, [i = 1] = Ny, [il + rgs[i] + 3 % 75 [i] + 2 % Ter [i] — Taspp [i]
0= Neo,[i = 1] = Neo, [i] + Tugs[il + 7o ]
0 = Ny,oli = 1] = Ny,oli] = twgsli] = 7 [i] + 2 % 136 [(] — 2 * ey [{]
0= NNZF[i —1] - NHZF[i]
0= NOZF[i —1] - NOZF[i] — 2 % T [i] — Ther[{]
0 = Ny,ali — 1] = Ny, ali] + raipsli]
Taiprli] = 0.8 % (fygsli] + 3 * 1 [i] + 2 * 1 [i])

Other important variables that are calculated within the mole balance model are the
partial pressure and compound concentrations, which are used in the reaction kinetics and useful
to know for the model user. The concentration for each compound is derived by looking at the
current mole count, N ;, at the specific location along the cell and dividing it by the cell volume,
at that segment shown in Equation 22. The volume is the product of the active area, A,tipe, DY
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the channel height, hyr/fyer, Of either the fuel or air, depending on the compound that is being

solved.

Equation 22: Concentration along the cell length for each compound

Nc,i

Aactive * hair/fuel

Cc,i =

The partial pressure is dependent on the change in the mole fraction of each compound as the
reactions either produce or utilize specific compounds. The total mole count for the air and fuel
must first be calculated so that the mole count of each individual compound, N, ;, can be divided
by the total fuel or air value, Ng;r or fyeri» to oObtain the mole fraction at that point along the
length of the cell, X, ;, shown in Equation 23.

Equation 23: Mole fraction for a specific compound

X.. = Nc,i
ci —

Nair or fuel,i

The partial pressure can now be obtained for the respective compound, P, ;, by multiplying the
mole fraction for the respective compound by the total pressure at the specific tube length, Py ;,
shown in Equation 24.

Equation 24: Partial Pressure for a specific compound

Pc,i = Ptot,i * Xc,i

3.2.2.2: Reaction Kinetics Sub Model

Reaction rates require some balance between the equation reaction constant and either the
partial pressure or concentration. The partial pressure and concentration are obtained using the

mole balance, while the specific reaction constants and reaction rate equations must be obtained
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theoretically and verified experimentally. The reaction rate equations depend on the order of the
equation, with a zero-order reaction equation only requiring the reaction constant and a first-
order rate equation being the product of the reaction rate constant and either the concentration or
the partial pressure. Higher-order reaction rate equations become more complicated, but for
elementary reactions, the power law equation can be used shown in Equation 25. The rate
equation diverges from the rate equation when working with non-elementary reactions, requiring
density functional theory modeling and experimental validation [115]. Because this PCER model
consists of only non-elementary, higher-order chemical reactions, the reaction rate equations

were obtained through various studies.

Equation 25: Power Law elementary rate equation [115]

—1, = kaCECE

The reaction constant, k, determines the rate and direction of a reaction, with the units changing
for every reaction order. The reaction constant can be found using the Arrhenius equation, which
correlates the activation energy, E,, and the operating temperature shown in Equation 26. An
Arrhenius plot allows for the graphing of the temperature on the x-axis and the experimentally
obtained reaction constant on the y-axis to obtain the activation energy and the pre-exponential
factor, A. All of the reaction constants obtained from various studies presented the data in either
an Arrhenius plot or in tabular form with the activation energy and pre-exponential factor
directly presented.

Equation 26: Arrhenius Equation [107]

_Ea
k = AeR+T
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The PCER sub model used in this thesis utilizes the water gas shift, steam methane
reforming, methane oxidation, and the hydrogen evolution reaction as the reaction basis. The
model is built on partial pressure, molar concentration, change in Gibbs, and the reaction
constants that are sourced from external papers. EES can obtain Gibbs free energy, G, of any
compound with an input of temperature and pressure using a built-in library of data. The
obtained G values are then organized in the same balance as the stoichiometry to find the Delta

Gibbs, AG,., for the respective reaction to indicate the reaction direction shown in Table 6.

Table 6: Delta Gibbs Free Energy equations for each reaction

Variable Delta Gibbs Balance
Methane Oxidation, AG,,, 9co, ¥ 2* g0 — 9en, — 0.5 * go,r
Steam Reforming, AGgp 9dco + 3 * gu, — 9cu, — IH,0
Water Gas Shift, AG,, g 9u, * 9co, — 9co — 9H,0
Hydrogen Evolution, AGygg 9o, + 9u, — 9u,0

The equilibrium reaction constant for each reaction can now be obtained by dividing the AG, by
the ideal ga constant, R, and the temperature of the PEN (Positive, Electrolyte, Negative)
structure, Tpgy, and then raising that product to find the exponential value shown in.

Equation 27: Equilibrium reaction constant for a reaction used in the model

AG,
KQ, = eR*TpEN

The reaction constants and rate equations are less intuitive to obtain because they can
only be obtained and validated experimentally. The water gas shift reaction (WGS) and the
methane steam reforming (SR) reaction utilize reaction kinetics obtained by Palma et. al. when
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they studied the impact that Adding CeO> has to an Al,Os-based methane reformer. The study
utilized a wash coat slurry reactor and real-world kinetic data to calibrate a kinetic model for
SMR and WGS. The CeO;-Al>0s3 catalyst has 5% nickel within the CeO2 catalyst when
obtaining the reaction constant [116]. The methane oxidation reaction rate equation and rate
constants are obtained from Chen et. al. where they studied the accuracy of different kinetic
models that predict methane oxidation. The study utilized a packed-bed reactor containing a 2%
nickel supported CeO- catalyst operating at temperatures between 360-460°C. This study will
use the second-order reduced Mars-van Krevelen, MvK II reduced, rate equation and the
supporting reaction constants that Chen et. al. found to be the most accurate for methane
oxidation using a Ni/CeO- catalyst [117]. The methane oxidation rate equation by Chen et. al.
utilized the units of millimoles per gram of nickel catalyst, so equations Equation 17 was used to
convert the reaction rate to mmol/s before being multiplied by 1000 to get mol/s. Furthermore,
the equilibrium constant of water for methane oxidation is unitless, so it is multiplied by the
inverse of the system pressure. The hydrogen evolution reaction is based entirely on the current
density of the cell and the electron count, n, which is set as a standard value of 4 electrons. All

the reaction rate equations used in the model have been summarized in Table 8.

Table 7: Summary of the reaction kinetics data utilized in the model

Stoichiometry Reaction Constant Equation

Kggsr = 10267 % 100 x e(®)

€O+ H,0 - CO; + H, B = —0.125z% + 0.36652° 4+ 0.581022 — 27.134z + 3.2770

[116] 856 * Mgt 1 (52000
SR = * * e \R*TpgN
60 1.027 = 1010

KEQ wes = e(—0.2935*23+0.6351*zz+4.1788*z+0.3169)
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CH, + H,0 - CO + 3H,

[116]

(—33000
) x e \R*TpEN

kyes = 11190 (gggt

)

CH, + 20, > CO, + 2H,0

[117]

1000
_ (1063 (Fppy) +57.95) Ycat
Fmo,cry, = € - * (1000 . 133.32)
1000
_ (—441x (G ppy) +51.58) Ycat
Knmo,0, = € - * (1000 . 133.32)

(%) * e_(;?ig"i(l);?vo) * l

kMO,HZO =e

Table 8: Reaction rate equations utilized in the model

Reaction Type Reaction Rate Equations
1
WGS, [116] Twes,i = kwes,i * | Pco,i * Pr,0,i — A4 * Pco,i * Py,
KQwes,i
3 1
SR, [116] Tsgi = ksri * | Pco,i * Pu,i~ — KQsni * Pep,i * Phyoi
MO, [117] - koz,i * Poz,io'5 * kCH4,i * DcH,,i
Mot ko,i* D0, * (1 + Ky,o0i * Pr,0,i) + Kcu,i * Pen,,i

HER oo lteel
HER S

3.2.2.3: Electrochemical Sub Model

The electrochemical model for a protonic ceramic electrochemical reactor is developed in

this thesis using the same framework as Norman, with modifications made to the constants

utilized [78]. The Nernst equation represented the ideal, open-current voltage that the cell
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operates at. The Nernst equation for a protonic ceramic electrochemical cell in an electrolyzer

configuration is shown in Equation 28.

Equation 28: Nernst Equation for an electrolyzer[78], [118]
AG R*T P
Enernst = ( —HER ) + (_pen ) * In (—HZO )
(nhe *F) (nher*F) th*POZ

The operating current for the cell is a controlled variable in the model and is modified by
changing the current density as shown in Equation 29. The active area, Ay tive increment> USES an
incremental length split up by the number of increments along the cell as shown in Equation 30.
Splitting up the cell length into multiple parts allows for the HER reaction rate to correlate to

each step within the cell and not the total length within the first iteration of the model.

Equation 29: Operating current density

Jcell

lcel =
Aactive,increment

Equation 30: Incremented active area along the length of the cell
Aqctive,increment = (2 * pi * (L_cell/NZ) = ((r[1] +r[4]) / 2))

Electrical losses, either referred to as overpotential or polarization, are incurred by the
interconnects, the cell structure, and diffusion limitations by the cell. Ohmic overpotential,
Nonmic»> Stems from electrical losses through the interconnects and PEN structure [119].
Activation overpotential, Ngctivation are losses that come from the need to overcome a specific
energy barrier before electrochemical reactions can begin. In this thesis the electrolysis reaction
incurs losses from the anode and cathode [120]. Concentration overpotential, N oncentrations 15
based on the resistance incurred when gas species are interacting and entering/exiting the PEN
structure [121]. These losses are accounted for in Equation 31 by adding them to the Nernst

open-circuit voltage. This convention is used because the Nernst voltage is the minimum voltage
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supplied to allow for the cell to operate, with the sum of the losses indicating the actual required
voltage for the electrolyzer to operate. The Nernst equation and respective overpotentials use

voltage as the units to keep the calculations consistent.
Equation 31: Cell voltage accounting for activation, ohmic, and concentration losses

Vcell = ENernst + Nactivation + Nohmic + Nconcentration

In the next section, these losses will be reviewed for modeling PCERs.

The Ohmic overpotential is made up of the PEN structure and interconnect losses shown

in Equation 32.

Equation 32: Ohmic overpotential makeup equation

Nohmic = 77ohmic,PEN + nohmic,interconnect

The ohmic resistance from the PEN structure relies on the current of the cell and electrode
conductivity. The cell conductivity over a range of temperatures is extrapolated from Baral et. al.
where they studied electrical properties of a Ni/NCZY cell [122]. The extrapolated conductivity

equation from Baral et. al. is shown in Equation 33 [122].

Equation 33: resistivity of the PEN structure [122]
OpgN = —0.7667 * TPEN + 2844.9
. . . .S . . Q
The units for conductivity, opgy, of the cell were provided in - which is the reciprocal to — The

thickness of the PEN structure, tpgy, and the active surface area, A,.tipe, Was used to obtain

resistance, ey, in units of ohms (Q) shown in Equation 34. The final equation for the ohmic

resistance in the PEN structure, 7opmic pen, 1S shown in Equation 35.
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Equation 34: resistance in pen structure equation [122]

trEN

Jpen - A
OpeN * Aqgctive

Equation 35: Ohmic overpotential of the PEN structure equation
Nohmic,PEN = Llcell * Tpen
The ohmic losses from the interconnects, Nopm interconnect. are obtained using the same
equation framework as Norman et. al. shown in Equation 36 but with the interconnect area
e . ) Q. . .
utilized, A;¢, because the area specific resistance (ASR), asriter (W)’ is used instead of the

conductivity.

Equation 36: Equation to obtain ohmic losses from interconnects in volts

. 2 ASTinter
Nohmic,interconnect = Llcell * &4 *
(4r¢)

The area specific resistance is used from Huang et. al. where they studied the impact that oxide
coatings have on metallic interconnects. The ASR across various temperatures were derived
from graphs found in the work by Huang et. al. for nickel-coated interconnects and shown in

Equation 37 [123].

Equation 37: Area-specific resistance for nickel-coated metallic interconnect

ASTinter = 0.0158 = e_0-009*TpEM

The activation overpotential is calculated by adding the activation overpotential of the

anode,Nqct.an > and the cathode, gt ¢4 as shown in Equation 38.

Equation 38: Total activation energy equation

Nact = Nact,an + Nact,ca
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The Butler-Volmer equation is used to calculate the activation overpotentials for the anode and

the cathode as shown in Equation 39 and Equation 40 respectively [78], [124].

Equation 39: overpotential calculation for the anode using the Butler-Volmer Equation

(aan,an*F*nact,an) (aan,ca*F*Tlact,an)
leell = ]O,an ol R+TpEN —€ R+TpEN * Agctive

Equation 40: overpotential calculation for the cathode using the Butler-Volmer Equation

(“ca,an*F*nact,ca> (“ca,ca*F*nact,ca>
leell = ]O,ca *|1 € R+TpEN —e€ R+Tpen * Agctive

The symmetry factors, @an/cq,an/ca> r€Present the conversion balance between electrical and
chemical energy, with more complex reactions requiring more energy at different components of
the cell [125]. The symmetry factors for the anode were selected to be an even 0.5:0.5 because a
more precise value was not found, and the symmetric assumption is common in electrochemical
modeling. The symmetry factors for the cathode are obtained from Zhu et. al. and shown in
Table 9. The exchange current density for the anode, J, 45, and cathode, Jj o4, are calculated
using the method that Norman et. al. utilized shown in Equation 41. The activation energies, E,,
are modified from Norman et. al., using the anode activation energy for Ni/CeO> from Yang et.
al. [126] and the cathode activation energy for activation energies for BCZY'Yb from Zhu et. al.

[127] as shown in Equation 42 and Equation 43 respectively [78, 127].

Equation 41: General equation for the exchange current density

_Ea
= J* R=T
]o,an/ca _]o * eR*IPEN

Equation 42: Exchange current density for the anode made of Ni/CeO2

—-25086
]o,an = 9.577 x 108 % eR*TPEN
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Equation 43: Exchange current density for the cathode made of BCZYYb

—8260
_]o‘an = 8.817 * 109 E3 eR*TPEN

The concentration overpotential is calculated using the same format and values as Norman et. al.
because studies surrounding the concentration overpotential for Ni/CeO> were not found at the
time of completing this thesis. The concentration overpotential considers the partial pressure for
the oxygen, hydrogen, and water involved in the HER reaction as shown in Equation 44. The
concentration losses at the cathode considers the ratio of partial pressures of the triple phase
boundary and the bulk hydrogen because the cathode side should only consist of hydrogen. The

anode concentration losses consider the diffusion site reduction while limit the transportation of

hydrogen.
Equation 44: Concentration overpotential equation
n _ PEN +In ( HZA,TPB> + PEN «In ( H,0,bulk 0,,TPB )
concentration — 0.5
2xF Py, abuik 2xF Py,o0rpB * Po, puik

The triple phase boundary pressures for water, Py, o rpg, 0Xygen, Py, rpp, and hydrogen, Py, 7pg,

and are calculated using Equation 45, Equation 46, and Equation 47 respectively. The diffusivity
coefficients found in Table 9 are directly used from Norman et. al. with their work quoting

difficulty in model convergence when using values from literature [78].

Equation 45: Triple phase boundary pressure for water

R *Tppy * tan )

PHZO,TPB = PHZO + (2 * F x D, * 10° * Jeell

Equation 46: Triple phase boundary pressure for oxygen

R * Tpgy * tan )

Po,rpe = Po, — (4 * F % Dog % 105 * joop
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Equation 47: Triple phase boundary pressure for hydrogen

R * Tpgy * teq )

Py,atpB = Pr,a — (P - PHZA) * (2 * F x Dgp * 10% * joop

3.2.3: PCER Modeling Parameters

The model operates within certain constraints, assumptions, and input conditions. Table 9

outlines the model input variables that the model utilizes to operate.

Table 9: Model input variable assumptions

Variable Operating Condition
Inlet Fuel Temperature (T fuel in) 600-1000K
Intel Air Temperature (T air_in) 600-1000K
Current Density (J_cell) 2,000-10,000 A/m?[78], [128]
Inlet Pressure 101325 Pa
GHSV (1/h) 1,000,000-10,000,000 [113]
Universal Gas Constant (R) 8.314 J/mol*K
Faraday’s Constant (F) 96485.4 C/mol
Pressure Change (AP) Pli] =pli—1] — % [78]
Specific Anode Surface Area (SSA) 82 m%/g [113]
Symmetry Factor, cathode (anode:Cathode) 0.3:0.7 [127]
Symmetry Factor, anode (anode:Cathode) 0.5:0.5
Anode Diffusivity Coefficient (Dan) 3*107°[78]
Cathode Diffusivity Coefficient (Dan) 3*10° [78]
Porosity (¢) 0.35[129]
Particle Density 8900kg/m>[130]
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The cell geometry uses the values shown in Table 10. The anode, cathode, electrolyte thickness
is obtained as part of the project specifics for the Department of Energy project titled “Highly
Replicable, and Integrated System for Mitigating Methane Emissions from Natural Gas
Engines[131].” The fuel delivery tube thickness is obtained from Norman et. al. by adding the
fuel delivery tube, tube thickness, and fuel conversion section between the pipe exterior and the
anode. The air channel height was selected to correlate to air channel heights found in literature
[124]. Due to various designs for the air channel design such as the one from Norman et. al. at
Imm and Naji et. al. with a height of 20mm, the impact that the air channel thickness has to

hydrogen production will be analyzed.

Table 10: PCER cell geometry

Variable Operating Condition
Cell Length 0.125m
Anode Thickness (t_an) 0.004m
Cathode Thickness (t_ca) 20 x 10~°m
Electrolyte Thickness (t_el) 15x 107 °m
Fuel Delivery Tube Thickness (t FDT) 3x1073m
Fuel Delivery Tube radius (r_FDT) 3x1073m
Air Channel Height (h_AirCh) 2x1073m
Outer Tube Radius 0.08m

The model utilizes a real-world feedstock composition from an AJAX DPC 105. In order

to obtain the composition of the exhaust gases from the respective engines, the MKS 3200 Gas
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Analyzer was utilized. The MKS provides values in either percent composition or in parts per
million (ppm). The terms in percentage do not need any further modifications while the specific

chemical in ppm, ppm;, is divided by 10,000 to obtain percentage as shown in.

Equation 48: Parts per million (PPM) to percent molar composition conversion equation

The MKS outputs hydrocarbons, nitrous oxides, carbon oxides, water content, volatile organic
compounds (VOC), and unburned fuels such as ethane and diesel from a natural gas-fed engine
for example. The MKS does not output air content, so a piezoelectric NOx/O2 sensor is used. A

summary of the primary emissions that the MKS and the NOx/O2 sensor output are in Table 11.

Table 11: Emission compounds obtained from the MKS 2030FTIR and NOxO2 amperometric

Sensors.
Gas Analyzer Type Parts Per Million (PPM) or %
NO, NO2, N20, NH3, NOx MKS PPM
H20 MKS %
CO, CO2 MKS %
CH4 MKS PPM
vVOC MKS PPM
Ethane, Ethylene, Propylene,
MKS PPM
Butane, Diesel Oil
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02 NOx/0O2 Sensor PPM

The fractional composition in percent is the sum of the present chemicals in the stream as shown

in Equation 49.

Equation 49: Calculation used to find the molar concentrations of the DPC105
Yoeor = 1= ) Yoy + %

% = (1= ) %)

Where %, are each present chemical, the sum of the sensor compositions is the Total Senor
Composition (TSC) from the MKS and NOx/O2 sensors, and the sum of the other components
from the exhaust stream that were not directly measured. The sum of these unmeasured values is
called the sum complement composition percent %;“ shown in Equation 49. For the PCER
model, the Nitrogen content was the sum complement composition percent from the sensor-
obtained composition. The emission results from the hydrogen blending and spark ignition
timing at a baseline at 11°BTDC with no hydrogen blending and at the optimized 11.5°BTDC
with a hydrogen mole fraction of 20% are used in the PCER model. These emission results are

shown in Table 12.

Table 12: Molar composition for model validation and for DPC105 exhaust stream at 60% load,

0H2%, 11 Degrees BTDC and 60% load, and 20H2%, 11.5 Degrees

11°BTDC, 0 H>% 11.5°BTDC, 20 H2% Ideal Model Condition
Emission Type
(Mole Fraction %) (Mole Fraction %) (Mole Fraction %)
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CH4 0.275 + (5) 0.081 + (5) 0.25

H20 6.893 + 40 Added 9.210 + 40 Added 0.75
CO 0.013 0.011 0
CO2 3.386 2.900 0
H2 fuel 0 0 0
H2 air 0 0 0
02 _fuel 9.99 10.704 0
N2 (%;°) 39.443 37.094 0

We can see from the data that 79.443% of the composition is made up of nitrogen from the air,
with water content, CO2, and oxygen making up a majority of the measured concentrations.
These results are validated with comparisons to stochiometric combustion and literature on
internal combustion natural gas (ICNG) engines shown in Equation 1. Due to the model
requiring a high quantity of water to effectively operate the cell, a water concentration of 40% is
added to the testing emissions for effective model convergence. Additionally, the
electrochemical losses for concentration require at least 5% methane in the modified emissions
to obtain a positive concentration loss. Although the negative losses are small enough to be

considered negligible, the distinction will be made in this thesis within the results section.

3.2.3: PCER Model Testing Procedures and Validation

The PCER model is evaluated based on the concentration, the flow rate, and the
electrochemical settings as shown in Figure 17. The concentration testing will focus on the
impact that temperature has on the PCER unit by studying the exit concentration from the cell.

The flow rate testing will focus on varying the flow rate to understand the impact that high flow
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rates have on PCER reaction kinetics and the impact that this has to the exiting gas
concentrations. The electrochemical cell operation will be tested by modifying the current
density. The Nernst voltage, voltage losses, and estimated operating cell voltage will be analyzed
for a range of current densities at an operating temperature of 673K, 873K, and 1000K. The
temperature variation is important to study because the reaction kinetics vary drastically
depending on the operating temperature of the cell. The flow rate and electrochemical tests will
utilize both an idealized inlet gas composition and the engine emissions from the stark timing
and hydrogen blending with 40% H>O added to all engine cases. The concentration testing will

also include the baseline emissions from the spark timing work.

PCER Testing

e

Concentration Flow Rate Electrochemical
Constant: Constant: Constant:
e J=2000(A/m?) e J=2000 (A/m?3) * GHSV =1,000,000 (1/h)
«  GHSV = 1,000,000 (1/h) « T=873(K) + T=673,873,1000K
* Geometry: Constant * Geometry: Constant * Geometry: Constant
Changing: Changing: Changing:
e T=600-1000K * GHSV=1,000,000- e J=2,000-10,000

10,000,000 (A/m?)
(1/h)

Figure 17: Testing procedures for the PCER model

As later discussed in this thesis, the concentration testing reveals that the engine emissions
require an added 5 mol% of methane to reduce the likelihood of the reaction kinetics to go
backwards and utilize hydrogen. Because of this, the modified engine emissions for the flow rate

and electrochemical testing will add 5 mol% of methane to the observed concentration.
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A tubular PCER utilizing Ni/CeO2 for the anode and Ni/BCZY for the electrolyte and
cathode has not been manufactured at the time of completing this thesis. Because of this, the
results will be used as rough estimates to complete the combined mass balance analysis in Aspen
HYSYS and obtain a theoretical value as to the minimum operational temperature that the cell
could operate at while mitigating methane emissions. The reaction kinetics for SMR and WGS
are validated by matching the methane conversion percentage while operating the model at the

same inlet composition, temperature range, and similar flow rate.

3.3: Combined PCER/Engine Modification System Modeling

The combination of engine modification experimental data and modeling data from the
PCER model is conducted using Aspen HYSYS. Aspen HYSYS is a process flow and equipment
simulation software that allows for the modeling of engineering equipment. In this section we
will be looking at the modeling theory and procedures taken in modeling the combined ignition
timing, hydrogen blending, and PCER exhaust conversion cell. The HYSY'S model integrates

heaters, control valves, and a hydrogen balance system to optimize system operation.

3.3.1: Engine Modeling Methodology and Testing Procedure in HYSYS

The Aspen HYSYS model is used to simulate system components that either do not exist
or are not directly measured. This thesis the HYSYS model is utilized to (1) obtain flow rates for
blending hydrogen in the natural gas stream of an AJAX DPC 105 natural gas compressor and
(2) to simulate the pre-stream treatment between the DPC 105 exhaust and the PCER unit. The
hydrogen blending is depicted in the hydrogen blending results section, so the HYSYS modeling
section focuses on the exhaust gas treatment. The exhaust gases measured with an MKS 2030
FTIR are used in the “exhaust” stream for when the engine is set to 11.5° BTDC with a hydrogen

blend of 20 mol% as shown in Figure 18. Adjusters are utilized to modify the molar flow rate of
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the water and methane stream to match the composition that is used in the PCER testing. The
blended stream is sent through a heater to increase the stream temperature to 500°C to obtain an

estimate for the relative size requirements for the heater.

ADJ-5
—e—
Heater
,:.twi Energy
- ' methane |> ;@ =
Exhaust . To Heater Final to
I el PR i 104 Heater PCER
Methane For
Real
I &
Water for ADJ-6
Real

Figure 18: Aspen HYSYS engine simulation
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Chapter 4: Results

4.1: Spark Ignition and Hydrogen Blending Results

The operational parameters for the 60% engine load data are summarized in Table 13.

The variation in mass flow when no hydrogen is added, as shown in Figure 19, occurs because

the input natural gas is balanced between the compression and combustion sections of the

engine, with variations being considered for each condition change and engine turn off and

restart to change the angle. The fuel line temperature was found to have a large impact on the

mass flow rate of the natural gas supply, with higher fuel temperatures dropping the natural gas

mass flow and lower temperatures increasing the mass flow.

Table 13: Fuel stream conditions for 60% load testing

Angle Temperature NG M Flow H2 V Flow
H2% Heating Value (KJ/Kg)

(BTDC) F) (Ib/min) (scfm)

0 98.01 0.45 54600 0
12 10 97.47 0.43 55690 0.325
20 98.54 0.41 57040 0.730

0 91.77 0.46 54600 0
11.5 10 93.89 0.43 55690 0.325
20 95.77 0.41 57040 0.730

0 51.21 0.54 54600 0
11A 10 50.37 0.51 55690 0.354
20 51.51 0.48 57040 0.801

0 43.31 0.54 54600 0

I11R

10 44.89 0.51 55690 0.354
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20 45.76 0.48 57040 0.801
0 50.93 0.51 54600 0
10 10 52.01 0.48 55690 0.331
20 51.61 0.46 57040 0.74
0 52.05 0.51 54600 0
9 10 52.23 0.48 55690 0.331
20 52.07 0.46 57040 0.74
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Figure 19: Natural gas mass flow rates across different hydrogen concentrations and spark ignition timings. The spark timing

angles are shown in units of before top Dead center (BTDC).

The engine load was found to vary up to 2.8% engine load for time advancing and 1.5% engine

load for time retarding across different hydrogen percentage shown in Figure 20. This variation

occurs when the temperature changes during the day and the fuel flow rates change between

engine startup and shutdown. This variation is analyzed as we look at the emission data and
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thermal efficiency. With the engine operational characteristics analyzed, we will now look at the

engine emissions when modifying the fuel contents and spark ignition timing.
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Figure 20: AJAX DPC105 Engine load variation from 60% during testing.

4.1.1: Spark Ignition and Hydrogen Blending Emission Results

4.1.1.1: Methane Emissions

The methane emissions results shown in Figure 21 will be reviewed by separating the
advancing and retarding datasets, with both timing events containing their own baselines shown
as “11BTDC Adv” and “11BTDC R” respectively. This difference is taken because the data was
taken on different days, changing the MKS gas analyzer calibration. Although this should not
impact the results, the distinction will still be made. The hydrogen blending is found to
unanimously reduce the methane emissions from the engine at all spark timing angles. When
looking at advancing the spark timing, the addition of 10% and 20% hydrogen at a spark timing

of 11° BTDC resulted in a 16.2% and 35.3% reduction in methane emissions respectively. The

64



baseline of 11° BTDC for retarding spark timing also saw a reduction in methane emissions,
with the addition of 10% and 20% hydrogen resulting in a methane emission reduction of 14.1%
and 24.8% respectively. The observed reduction in methane emissions can be accounted for by a
decrease in hydrocarbon content in the fuel and an increase in thermal efficiency. The
mechanism for which the methane reduction takes place is validated by analyzing the thermal

efficiency.

=8—12 BTDC =9—11.5 BTDC =—@=11 BTDC Adv =@=11 BTDC R =@-=10 BTDC =®—9 BTDC
1800

Spark Timing Retarding

1600 g
1400
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Spark Timing Advancing
1000 Baseline (11BTDC)

800
600 o .

—
400 o |
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Methane (CH4) ppm, 15% O2 Basis

0 2 4 6 8 10 12 14 16 18 20
Hydrogen Mole fraction (%)

Figure 21: methane emission results for hydrogen blending 0-20% mole concentration and ignition timing from 12BTDC to
9BTDC
Methane emission reductions are also observed at different angles when hydrogen
blending is conducted, with 9° BTDC and 12° BTDC being used to represent the changes for
retarding and advancing the spark timing respectively. When the engine is set to 9° BTDC, the
methane emissions at 10% and 20% hydrogen mixes were reduced by 17.5% and 33.2%

respectively from 9° BTDC at 0% H>. When the engine is set to 12° BTDC, the methane
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emissions at 10% and 20% hydrogen mixes were reduced by 16.7% and 30.8% respectively from
12° BTDC at 0% H». The impact that hydrogen blending has at a set spark ignition timing angle
was quite similar, showing that the hydrogen reduced methane emissions due to the reduction in
methane content for that angle. We will now investigate the impact that Spark timing has on
methane emissions and then look at the combined effect of blending hydrogen and modifying the

spark ignition timing.

Modifying the spark ignition timing changes the time at which the spark fires in the
piston cycle, either reducing or increasing the combustion chamber volume that the flame has to
propagate whether the timing is retarded or advanced respectively. This will in turn either reduce
or increase the time that the combustion process has to occur before the gases are exhausted. To
study the direct impact of modifying the spark timing, the methane emissions are graphed in
Figure 22 at a condition when no hydrogen is blended into the fuel stream. By isolating the
change in methane content without adding hydrogen, we can see the impact that spark timing has

on the emissions.
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Figure 22: Methane ppm at different spark ignition timing separated by advancing to the left and retarding on the right

Advancing the timing to 11.5° BTDC and 12° BTDC resulted in a 56.4% and 60.9% reduction in
methane emissions. Retarding the timing to 10° BTDC and 9° BTDC resulted in a 9.3% and 24%
reduction in methane emissions. The methane emissions were found to drop when the timing was
modified from the baseline angle of 11° BTDC, with advancing the spark timing having a greater
effect on the methane output when compared to retarding the spark timing. We can now further
into the impact that spark timing across the different hydrogen blending concentrations while
still only analyzing spark timing conditions by focusing on the difference that spark timing
makes at the same hydrogen content conditions from the baseline conditions. This represents the
difference in methane emissions from the baseline spark timing at the same hydrogen blend, so a
setting of 12° BTDC at 20% hydrogen blend would represent the methane change from 11°
BTDC at 20% hydrogen. With this clarification being made, we can see in Figure 23 that
modifying the spark timing reduced the methane concentration for both advancing and retarding
of the spark timing. Advancing the timing had a far greater reduction in methane emissions when
compared to retarding the spark timing across all hydrogen concentrations, which validates the
observations from Figure 22 where hydrogen is not considered. For the spark advancing data, the
difference in hydrogen inclusion makes less of an impact as more hydrogen is added, showing
that the impact that spark timing has on methane emissions is reduced. This phenomenon occurs
because hydrogen is already reducing methane emissions at the baseline angle, reducing the
impact that hydrogen blending has at higher angles. The difference that hydrogen blending had

to the retarding spark data is more complex, with 10° BTDC benefiting slightly at a change of

9%, 7%, and 6.1% at 0-20% hydrogen mole fractions respectively. At 9° BTDC, the later spark
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timing starts to impact the combustion efficiency, with the faster flame propagation that a
blended natural gas and hydrogen fuel line would offer. The change in methane emission was
found to be 14.2%, 17.6%, and 23.8% for 0-20% hydrogen mole fraction respectively. The
effectiveness that spark timing has when compared to blending hydrogen at the baseline angle
was found to make less of an impact at 10° BTDC when compared to 9° BTDC which saw a
reduction in methane emissions at all the comparative hydrogen mole fractions. Now the impact

that hydrogen blending and spark timing is conducted.
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Figure 23: Change in methane emissions from baseline compared to the hydrogen mole fraction blended into the natural gas
stream

An analysis of how the timing and the blending impacted the methane emissions is
conducted by comparing the emission values from each angle and hydrogen content to the
baseline angle, 11° BTDC, with no added hydrogen. This data is presented in Figure 24, with the
hydrogen blending and spark angle change reducing methane emissions for all angles from the

baseline measurements. Advancing the timing is observed to have the largest methane emission
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reduction effect, with 12° BTDC at a hydrogen mole fraction of 20% observing a methane

emission reduction of 72.9%.

% from Baseline Methane Emissions
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Figure 24: Percent change in methane emissions for advancing and retarding spark times at hydrogen mole fractions of 0%,

10%, and 20% compared to the baseline angle with no hydrogen addition

Although these results would indicate that advancing the timing would have a greater effect, the

average peak pressure per angle and indicated mean effective pressures need to be analyzed.

The mean peak pressure represents how much force is being applied to the piston across

251 piston cycles. In combination with the IMEP, these pressure values can be used to validate

the safety of operating the engine at a specific spark timing. We can see from Figure 25 that the

maximum pressure values for the retarding spark timing are reduced, which is to be expected.

With less time for the combustion process to occur, the flame propagation would not have

enough time to build up as much pressure as the baseline setting. The surprising result for the

retarding dataset is that the mean peak pressure was not increased when hydrogen was included,

69



meaning that the thermal efficiency must have increased in order to obtain a lower methane
emission value. This theory will be validated by looking at the thermal efficiency data in the next
section. Advancing saw lower pressures up until the angle and H2% of 12° BTDC at 20% where
the mean peak pressure matched the 11° BTDC at 20% condition. Analyzing the peak pressures
demonstrates that the modification of the spark ignition timing with hydrogen blending does not

impact the in-cylinder pressure to an unsafe condition.
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Figure 25: Mean maximum pressure readings across 251 engine cycles at different spark ignition angle across 0,10, and 20%
hydrogen molar fraction

4.1.1.2: COx and NOyx Emissions

Carbon oxides, COy, are calculated by adding the carbon monoxide, CO, and carbon
dioxide, CO3, contents coming from the exhaust stream of the engine. COy are based on available
oxygen and carbon molecules, with CO being the first in the reaction path and then converted if
another oxygen is available. The CO and CO; exhaust from the AJAX DPC-105 at a load of 60%
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are shown in Figure 26 and Figure 27 respectively. CO and CO» are inversely proportional for
engine efficiency, with a higher CO concentration indicating less complete combustion and a
higher CO> indicating more complete combustion. The CO concentration in Figure 26 was found
to increase as hydrogen was added, with the exception of 11.5° BTDC and at 11° BTDC with a

hydrogen mole fraction of 20%.
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Figure 26: Carbon monoxide ppm at 15% O2 across a hydrogen blend mole fraction between 0-20%

Retarding the spark timing was found to increase the CO emission output at all hydrogen blends.
At a setting of 10° BTDC, the difference between the baseline and modified time at the same
hydrogen concentration observed an increase of 2.9%, 3.2%, and 1.8% difference at 0%, 10%,
and 20% hydrogen blend respectively. When we look at the difference between the baseline with
no hydrogen and the modified time at different blends, an increase of 2.9%, 5.5%, and 6.3% are
observed at hydrogen blends of 0%, 10%, and 20% mole fraction respectively. At a setting of 9°
BTDC, the difference between the baseline and modified time at the same hydrogen
concentration observed an increase of 4.4%, 2.5%, and 2% difference at 0%, 10%, and 20%
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hydrogen blend respectively. When we look at the difference between the baseline with no
hydrogen and the modified time at different blends, an increase of 4.4%, 4.8% and 6.5% are
observed at hydrogen blends of 0%, 10%, and 20% mole fraction respectively. These increases,
although observed, are statistically insignificant below a 5% emission variation. Advancing the
spark timing reduced the CO emissions when compared to the baseline, but the trends between
the two concentrations seemed to follow opposite patterns when hydrogen was added. When
11.5° BTDC is compared to the baseline set to no hydrogen addition, a reduction of 7.9%,
10.6%, and 12.2% is observed at a hydrogen mole fraction of 0%, 10%, and 20% respectively.
When 12° BTDC is compared to the baseline set to no hydrogen addition, a reduction of 13.2%,
8.7%, and 7.4% is observed at a hydrogen mole fraction of 0%, 10%, and 20% respectively. The
12° BTDC condition got worse as more hydrogen was added to it, which is the opposite trend to
The baseline and 11.5° BTDC spark timings. This trend continues with the CO» data shown in
Figure 27, with 12° BTDC emission increasing consistently by 5.1% and 6.6% as hydrogen is
added to the fuel stream in mole fractions of 10% and 20% respectively. In contrast, the
advancing baseline had a reduction in methane emissions of 3.9% and 6.9% as hydrogen mole
fractions of 10% and 20% were added to the fuel stream. All the retarding timings and an
advanced timing of 11.5 © BTDC all increases the CO> emissions when 10% hydrogen is added

to the stream and then drops back down at a hydrogen mole fraction of 20%.
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Figure 27: Carbon dioxide ppm at 15% O2 across a hydrogen blend mole fraction between 0-20%

The increase in CO and COz that 12° BTDC observed could be an indication that the spark is
occurring too early, with more time to complete the combustion reaction reducing the time
needed for the oxidation reaction to occur between the CO and CO». The conversion requires
proper time and temperature to complete the reaction, so the faster flame propagation may be
restricting this reaction and instead favoring the incomplete combustion of methane and oxygen
to CO.

Nitrogen Oxides, NOx, mostly nitrogen oxide, NO, and nitrogen dioxide, NO», are
directly related to the combustion temperature as discussed in previous sections. The results for
nitrogen Oxides are shown as the sum of nitrogen oxide and nitrogen dioxide. The NOx results in
Figure 28 are found to reduce across all spark timing angles as more hydrogen is added. When
we look at specific spark angles, advancing and retarding the timing is found to reduce NOx
emissions when compared to baseline. When the NOx trends are compared to the temperature in

Figure 29, we see that the addition of hydrogen does reduce the operational temperature. When
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the timing is advanced, 11.5° BTDC was found to reduce NOx emissions less than 12° BTDC.
When we compare this to the temperature trend, a general increase in temperature is observed as
the timing is further advanced. The retarding data saw a similar trend to the advancing data when
comparing the temperature trends and the NOy emission data. The NOx emissions are reduced at
9° BTDC more than at 10° BTDC, with the emissions at 10° BTDC being lower than at 11°
BTDC. The exhaust temperature with no hydrogen addition saw a direct increase as the spark
timing was retarded. When the hydrogen was added, the differences between the retarding spark
timings and the baseline were diminished. When the timing is compared to the baseline with the
same hydrogen content, 10° BTDC saw an increase of 1.6%, -0.5%, and 0.4% at 0%, 10%, and
20% hydrogen mole fraction respectively. At 9° BTDC, an increase of 4.1%, 3.4%, and 4.1% is
observed at 0%, 10%, and 20% hydrogen mole fraction respectively. These differences would be
considered negligible for 9° BTDC and 10° BTDC spark timings respectively. This would
indicate that adding hydrogen at a concentration of 10% negates the impact that modifying the

angle has on retarding the spark timing.

74



—o— 12 BTDC —e—11.5BTDC —e—11 BIDCAdv —e—11 BTDCR —e—10 BTDC —e—9 BTDC

D I 0 O
oS o o O

T%

S
S

NOX Emissions ppm, 15% O2 Basis
> S 3

o

0 2 4 6 8 10 12 14 16 18 20
Hydrogen Mole fraction (%)

Figure 28: Nitrogen oxides (NOx) ppm emissions at different angles across 0-20% hydrogen mole fraction of blending into
natural gas
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Figure 29: Exhaust temperature vs. blended hydrogen mole fraction
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The emission results for methane, COx, and NOy indicate that advancing the spark timing to
11.5° BTDC would provide the best balance of emissions, but this hypothesis will be validated

by analyzing the indicated thermal efficiency.

4.1.2: Spark Ignition and Hydrogen Blending Efficiency Results

The thermal efficiency is dependent on the combustion chamber volume, combustion
pressure, engine RPM, fuel flow, and thermal energy that the fuel provides. The thermal
efficiency is used to validate the results obtained in the emission analysis. We will first look at
the impact that spark timing has on the thermal efficiency without hydrogen addition and then
look at the impact that hydrogen addition has on the thermal efficiency has on each angle. We
can see in Figure 30 that advancing the spark timing increases thermal efficiency for both 11.5°
BTDC and 12° BTDC with an observed increase of 16% and 19% respectively. Retarding the
spark timing to 10° BTDC and 9° BTDC observed an increase of -0.15% and 3.58%
respectively. These results indicate that advancing spark timing increases the thermal efficiency,

while advancing has minimal impact on the thermal efficiency of the system.
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Figure 30: Indicated thermal efficiency compared to hydrogen blending mole fraction across different spark timings
This result makes sense when we look at the mean effective pressure in Figure 31, with retarding
of the spark timing also reducing the effective pressure of the combustion cycle. The advancing
data did see a reduction in effective pressure, but not to the extent than what was observed in the

retarding data.
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Figure 31: IMEP compared to the hydrogen blending mole fraction across different ignition spark timing angles

When hydrogen is blended into the fuel line, the difference between 10% hydrogen blending and
20% hydrogen blending was found to be minimal. When the baseline is compared to 10%
hydrogen blending, the advanced and retarded spark timings are found to increase thermal
efficiency. At 11.5° BTDC, blending hydrogen to 10% and 20% mole fraction saw an increase in
efficiency of 0.9% and 1.2% respectively. At 12° BTDC, blending hydrogen to 10% and 20%
mole fraction saw an increase in efficiency of 1.2% and 1.1% respectively. The advancing
baseline of 11° BTDC saw an increase of 0.7% and 1.2% with a blending mole fraction of 10%
and 20% respectively. The small differences that 11° BTDC, 11.5° BTDC, and 12° BTDC
observed when hydrogen concentrations were increased indicates that the spark timing angle has
no further impact to the thermal efficiency past the initial increase when no hydrogen is added.
Although the difference would be considered insignificant, 12° BTDC saw a slight reduction in
thermal efficiency when more hydrogen was added. This result further indicates that 11.5°
BTDC is a more optimal angle when combined with hydrogen blending, as consistent increase
was observed as more hydrogen was added. The retarding spark timing angles noticed a smaller
variation as hydrogen was added. At a spark angle of 10° BTDC, the addition of 10% and 20%
hydrogen resulted in an efficiency gain of 0.25% and 0.68% respectively. At a spark angle of 9°
BTDC, the addition of 10% and 20% hydrogen resulted in an efficiency gain of 1.15% and
1.38% respectively. The baseline spark angle of 11° BTDC saw an efficiency gain of 0.69% and
0.89% when 10% and 20% hydrogen was added to the fuel stream respectively. The baseline
spark angle observed a greater impact to the efficiency when compared to 10° BTDC, with 9°
BTDC observing a marginal gain in efficiency. The efficiency of 9° BTDC at 10% hydrogen was

able to match that of 10° BTDC, indicating that the blending of hydrogen at 10° BTDC does not
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make much of an impact. After analyzing the emissions and engine operational conditions, the
11.5° BTDC with a hydrogen mole fraction blend of 20% into the natural stream provides the

best overall engine conditions and emission reductions.

4.1.3: Spark Ignition and Hydrogen Blending Emission Validation Results

In order to validate the observed emission and thermal efficiency results, the results were
repeated on the AJAX DPC-105 at a load of 55% load at spark angles of 10°-, 11°-, and 12°
BTDC, with 9°BTDC and 11.5°BTDC being excluded to keep the angle changes within +/-
1°BTDC from a baseline angle of 11°BTDC. The emissions are analyzed, followed by the IMEP,
mean peak pressure, and efficiency results. Due to the lower load condition the results will not be
directly compared, but instead the general trends will be compared. A lower load on the engine
will lead to higher general emissions, so the combustion characteristics will differ slightly from a

60% load condition.

4.1.3.1: 55% Load Emissions Analysis for Hydrogen Blending and Spark Timing

The methane emission results for 55% load, as shown in Figure 32, have similar trends
for both advancing and retarding spark data. When hydrogen was blended into the natural gas
stream, the baseline for advancing saw a reduction of 40% and 65.7% methane emissions at
hydrogen mole fraction blends of 10% and 20% respectively. At a spark angle of 12°BTDC,
methane emissions were reduced by 32.6% and 55.6% at hydrogen mole fraction blends of 10%
and 20% respectively. Switching to the retarding baseline, a methane emissions reduction of
54.6% and 75.9% is observed at hydrogen blending percentages of 10% and 20% respectively.
At a spark angle of 10°BTDC, methane emissions were reduced by 28.3% and 55.9% at
hydrogen blends of 10% and 20% respectively. Although the emissions are observed to be higher
at 55% load, the trends seem to be the same as the ones observed at a load of 60%.
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Figure 32: Methane emissions in ppm compared to the hydrogen mole fraction blended across spark timing angles

We can now compare the impact that spark timing has on a lower load by comparing the
methane reduction without the addition of hydrogen shown in Figure 33. Retarding the spark
timing seems to have no impact on the methane emissions with a difference of 0.04% at a spark
timing set of 10°BTDC. Advancing the spark timing to 12°BTDC did see a reduction in methane

emissions of 49.9%, which would be considered statistically significant.

80



300000 Retarding Advancing

2500.00 ._/

2000.00

1500.00

1000.00

500.00

Methane (CH4) Emissions ppm, 15% O2 Basis

0.00

10.00 11.0 11.00 12.00
Spark Timing Angle (Degrees)

Figure 33: Methane emissions compared to a variety of spark timings when the engine fuel is not blended with hydrogen

The impact that hydrogen blending and spark timing has on methane emissions can be observed
by comparing the combination spark timing and hydrogen blending values to the baseline angle
with no hydrogen added as shown in Figure 34. Advancing the spark timing to 12°BTDC saw a
methane emission reduction of 49.9%, 64%, and 77.9% at a hydrogen blended mole fraction of
0%, 10%, and 20% respectively. Retarding the spark timing saw a reduction of 0%, 32.5%, and
55.6% for hydrogen contents of 0%, 10%, and 20% respectively. These results indicate that
hydrogen blending is generally positive, but they are comparing the difference from the baseline
with no hydrogen added. If we directly compare the methane emissions from each angle at the
same hydrogen content, we can see the distinction between the impact that hydrogen blending
has to the system and the spark timing. The advancing dataset at 12°BTDC saw a methane

reduction of 49.9%, 20.8%, and 8.3% at a hydrogen blend of 0%, 10%, and 20% respectively.

81



—o—10BTDC —e—12BTDC —e—11BTDC,R —e—11BTDC, adv

0.0

-10.0

-20.0

-30.0

-40.0

-50.0

-60.0

-70.0

% from Baseline Methane Emissions

-80.0

-90.0 .
Hydrogen Mole fraction (%)

Figure 34: Percent change in methane emissions for advancing and retarding spark times at hydrogen mole fractions of 0%,
10%, and 20% compared to the baseline angle with no hydrogen addition

The difference in methane emissions that the angle change makes becomes less significant when
more hydrogen is blended into the system, indicating that the combustion is already being
corrected with the addition of hydrogen as shown in Figure 35. A difference of 20.8% and 8.3%
is still considered statistically significant, so the modification to the spark timing is still
considered to be impactful. The retarding dataset at I0°BTDC when directly compared to the
baseline at the same hydrogen content saw an increase in methane emissions of 0.04%, 12.5%,
and 29.3% at a hydrogen mole fraction of 0%, 10%, and 20% respectively. This result stems
from the drastic benefit that blending hydrogen has to the engine efficiency at the baseline angle
of 11°BTDC, with further retarding of the ignition spark hurting the reductions observed from
the addition of hydrogen. We will now need to look at the combustion exhaust temperature and

operational pressures to further understand what is happening to the engine.
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Figure 35: Change in methane emissions compared to the baseline angles across the same hydrogen mole fraction blended into
the natural gas stream

4.1.3.2: 55% Load Engine Condition Analysis for Hydrogen Blending and Spark Timing

A lower engine load will result in lower combustion temperatures, with 55% load
temperatures shown in Figure 36 being generally lower than the 60% load data. The general
temperature trend was the same as 60% load data, with advancing the spark timing increasing the
combustion temperature and retarding the spark timing reducing the spark timing. Advancing the
spark to 12°BTDC saw a reduction of 4.3°F, 2.8°F, and 6.2°F at hydrogen blending mole fraction
of 0%, 10%, and 20% respectively when compared to the 60% load equivalent. Retarding the
spark to 10°BTDC saw a temperature reduction of 22.8°F, 8.3°F, and 0.4°F at a hydrogen
blending mole fraction of 0%, 10%, and 20% respectively when compared to the 60% load

equivalent. The large temperature drop for the retarding dataset reduces the effectiveness of the
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combustion reaction, so the addition of hydrogen would increase the energy in the combustion

system.
—e— 10 BTDC —e—11BTDC,R —e—11BTDC,advn —e—12BTDC
510
500
= ¥
g 490
=
g
2.
g 480
= —
7] o—
2 470 S
2
[aa) O—
460 °
—
450
0 2 4 6 8 10 12 14 16 18 20

Hydrogen Mole fraction (%)

Figure 36: Exhaust temperatures compared to hydrogen mole fraction blends over a range of spark ignition angles

The indicated thermal efficiency for a load of 55% shown in Figure 37 was found to
follow the generally hypothesized reduction in thermal efficiency when the spark timing is
retarded, with an advanced timing increasing the indicated thermal efficiency. These results not

only validate the similar trends observed at 60% load condition, but they are more decisive for

the benefit of advancing spark timing.
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Figure 37: Indicated thermal efficiency compared to the hydrogen mole fraction blend in natural gas over a range of spark
timing angles

4.2: PCER Modeling Results

The PCER modeling results will study the impact that temperature, flow rate, and current
density have on the concentration along the cell, the reaction rates along the cell, the required

operational voltage, and the incurred voltage losses.

4.2.1: Operating Temperature Impact

The change in temperature and inlet concentration has a significant impact on the
reaction kinetics within the cell. We will compare the ideal modeling case to the modified
emission condition found when the engine is set to an angle of 11.5°BTDC and blended with 20
H>%. The exit mole fraction of each compound at different temperatures is shown in Figure 38.
The methane is found to be fully converted when the cell operates above 865K. The CO» at that

temperature reaches its production peak while keeping CO to a minimum. This relationship
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between CH4, CO, and CO; would indicate that the cell should not be run higher than around
873.15K (600°C) to avoid any backward reactions. The reaction rates for water gas shift, steam
methane reforming, and methane oxidation have been graphed to verify the mole fraction trends.
The steam methane reforming reaction in Figure 39 shows the reaction rate at each step along the
length of the cell. Steam methane reforming is seen being the most active at the entrance of the
cell where the methane concentration is high. As the gases move along the cell, the methane is
converted and the reaction rate drops. We can see that after 865K, the reaction rate halfway
along the cell, R_SR[5], changes trajectory and begins to drop. A trend is observed where the
lower the temperature of the cell, the switch point happens later in the cell. This makes sense,
with lower temperatures requiring more catalytic material to convert the methane to the same

quantity as increasing the temperature.
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Figure 38: Exit emissions from PCER unit at different temperatures utilizing ideal emissions
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A similar trend is observed for the water gas shift reaction shown in Figure 40, with a reduction
in temperature increasing the length step at which the reaction reaches its peak and begins to
become less effective. A noticeable trend for both steam methane reforming and water gas shift
is that the reaction is far more active at the start of the reaction, but the final step begins to
promote a backward reaction. The higher the operating temperatures, the more prominent the
backwards reactions become. This relationship makes sense, with the methane becoming
exhausted more quickly while the non-diffused hydrogen and water allow for reverse steam

methane reforming and water gas shift.
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Figure 39: Rate of steam methane reforming along the length of the cell at different temperatures
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Figure 40: Rate of water gas shift reaction along the length of the cell at different temperatures

Methane oxidation is dependent on methane and oxygen being present in the system. We can see
that the reaction rate for methane oxidation in Figure 41 is fairly consistent until 900K is
reached, at which point the last steps of the reaction go to almost zero. This trend can be
explained with complete conversion of methane happening within a short length of the cell when
the PCER is operating at high temperatures. This trend can be confirmed with a sudden rise in
oxygen after 900K in Figure 41, reflecting the deactivation of the methane oxidation reaction.
From these results we can conclude that the optimal operational temperature is 850K with a

range of 800-900K being acceptable.
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Figure 41: Rate of methane oxidation along the length of the cell at different temperatures

We will now look at the real-world modified engine emissions to obtain some optimized

conditions for a PCER unit. Figure 42 shows the exiting mole fraction from the PCER unit at

different temperatures. We can see that, due to the methane mole fraction being 0.081,

electrolysis becomes the dominant reaction and the oxygen and hydrogen concentrations level

out at around 0.50 and 0.15 respectively. This is further shown with the high-water uptake before

below 773K. Looking at the CO and CO2 mole fractions in Figure 43, we can see that the CO

and CO2 mole fractions begin to switch trends as early as 650K, with the mole fraction of CO

becoming higher than CO; after 950K. This trend would indicate that the WGS, SMR, and MO

reactions may be going backwards instead of becoming non-active. To validate this claim, we

will now study each reaction rate at a range of temperatures.
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Figure 42: Exit emissions from PCER unit at different temperatures utilizing real modified emissions
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Figure 43: Exit emissions from PCER unit at different temperatures utilizing real modified emissions, CO2 and CO enhancement
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Steam methane reforming in Figure 44 and water gas shift in Figure 45 are observed to be
negative along the entire length of the PCER at all temperature ranges. This trend is due to the
high oxygen content allowing methane oxidation in Figure 46 to utilize all of the available
methane. This explains the negative WGS and SMR reaction rates. Methane oxidation becomes
more active closer to the end of the cell, which is occurring because of the increase in oxygen
concentration further along the cell length. This trend also explains why the WGS and SMR

reactions get more active backward reactions further in the length of the cell.
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Figure 44: Rate of steam methane reforming along the length of the cell at different temperatures
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Figure 45: Rate of water gas shift reaction along the length of the cell at different temperatures

As the temperature increases above 800K, steam methane reforming becomes inactive. This is
due to the lack of methane and a lack of water in the system to allow for the reaction to go
backwards. Water gas shift on the other hand switches at 720K, slightly rising in activity at
higher temperatures. At low temperatures, reverse water gas shift (RWGS) becomes more active,
producing small amounts of water and CO and utilizing some of the hydrogen produced from
electrolysis and the CO: produced from the methane oxidation reaction. Although high
temperatures make methane oxidation less active further along the cell, the methane oxidation
reaction stays consistent at all of the studied temperatures at the entry of the cell. This can be
explained by the available methane at the entrance being the limiting reactant. These results
indicate that an operating temperature of 720K and a range of 700-800K would minimize the

RWGS and SMR reactions while keeping an optimum production of hydrogen.
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Figure 46: Rate of methane oxidation along the length of the cell at different temperatures

The ideal emissions obtained an ideal temperature of 850K while the real-world modified
emissions obtained an ideal temperature 720K. Although the real-world case had 40% water
added to the system, the methane emissions indicate that a small amount of methane may aid in
the catalytic reactions to avoid reverse reactions. Although the ideal PCER inlet methane mole
fraction of 25% may be too high, we will look at the impact that adding 5% mole fraction of

methane to the modified stream has to the reaction rates and mole fractions.
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Figure 47: Temp vs. mole fraction for the modified exhaust emissions with 5% methane added

We can see from Figure 47 that, although the methane is immediately converted at all
temperatures, the various mole fractions are changing far more than without the added 5%
methane. The reactions in Figure 48 show the full story, with the notable exception for methane
oxidation at the first cell length step because it is a constant and much larger than all of the
reactions shown. We can see that the WGS and SMR reactions are positive at the entrance and
then become negative further along the length of the cell. Higher temperatures reduce the
strength of the reverse reactions, with the exiting reactions for water gas shift and methane
oxidation going to 0 mol/s. The exiting water gas shift reaction is the only reaction that continues
to become negative at higher temperatures, but this trend is also observed in the ideal case to a
smaller scale. The ideal operating case using the 11.5BTDC and 20% H> blend engine emissions

with 5% methane added is between 720-770K.
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Figure 48: Temp vs. reaction rates for the modified exhaust emissions with 5% methane added

4.2.2: PCER Flowrate Impact

The flow rate for the PCER in this thesis is utilizing catalyst grams per second as the flow
rate and is modified through the GHSV value. A higher flow rate reduces the amount of time that
the gases have to interact with the catalyst, so the reaction rates will be lower at higher flow
rates. In this section we will be studying the impact that flow rate has to the performance of the
PCER cell. The temperature is kept at 750K, the current density is set to 2,000 A/m?, and the
geometry is kept constant. The ideal inlet composition and the real engine emissions from an
advanced spark timing and hydrogen blend (5 mol% of methane and 40% water added) will both
be used for testing. Figure 49 Shows that the electrolysis reaction becomes far less active from
1*10° to 2*10° h!, with almost no methane conversion or electrolysis occurring after 6*10° h™!.

This would indicate that a slower flow rate is necessary for the cell to convert methane. Due to
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the high flow rates from the natural gas compressor, the flow rate needs to be kept relatively high

so as to not require as many PCER cells in a stack configuration.
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Figure 49: GHSV vs. mole fraction from an ideal feed concentration
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Figure 50: GHSV vs. mole fraction using the modified engine emissions from the engine settings 11.5BTDC with 20% hydrogen

addition. 5% methane and 40% water were added for model convergence purposes.

The modified emission case is tested in Figure 50 and Figure 51, with even the 5.08% methane
in the stream not being completely converted after 5%10° h!. Electrolysis with the modified
emissions are shown as inactive in Figure 51, with oxygen reaching a mole fraction of 0.000085
after 4*10° h'!. The produced hydrogen in the modified emission case comes from steam
methane reforming, with COz still being present in the steam in similar quantities to H>. These
results that a GHSV of 1,000,000 or lower is necessary for the cell to function effectively. Due to
modeling limitations, this model does not work well with very low flow rates. This is due to the
water and methane going to a mole fraction of 0 within the first step, limiting the convergence of

the electrochemical and reaction equations.
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Figure 51: Zoomed in GHSV vs. mole fraction using the modified engine emissions from the engine settings 11.5BTDC with 20%
hydrogen addition. 5% methane and 40% water were added for model convergence purposes.

4.2.3: PCER Electrochemical Model

Protonic ceramic electrochemical reactors require an input of electricity to operate. When
sourced with electricity, the cell will experience losses due to the material, the chemical makeup
of the inlet gas, and the activation barrier for the catalyst to start working. In this section we will
study the impact that current density and temperature have on the cell when fueled with an ideal
3:1 water-to-methane ratio and the ideal tuning conditions from the real-world emissions with
5% methane and 40% water mixed into the exhaust stream. The temperature testing utilizes a
current density of 2,000 A/m? and a GHSV of 1,000,000. The current density is tested for 673K,
873K, and 1000K to gain a deeper understanding of the electrochemical systems at key
temperature ranges. We will first investigate the electrochemical operation across a range of
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temperatures for both inlet emission conditions and then look more specifically at a range of

current densities.

4.2.3.1: Electrochemical Operation at Different Operating Temperatures

The ideal emissions sustain a functional voltage range for the cell in Figure 52, with the
operating voltage never dropping below the Nernst voltage. The lowest required voltage for this
condition is found at 873K, with a sudden jump after this identified temperature. To understand
what is happening, the voltage losses are graphed in Figure 53. The concentration losses make up
a majority of the cell losses. The concentration losses spike at 780K, but the Nernst voltage also
drops at this condition. This indicates that the water at the anode surface drops while the
hydrogen production increases. The oxygen partial pressure is very low at this condition because

of methane oxidation utilizing the produced oxygen from electrolysis.
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Figure 52: Temperature vs. operating voltage for an ideal inlet stream at 2,000 a/m’
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With this knowledge, we know that the concentration losses at the cathode increase after 873 due
to the complete conversion of methane and the sudden rise in oxygen concentration in the
system. The increase in oxygen reduces the active sites for hydrogen diffusion, increasing the

concentration losses.
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Figure 53: Temperature vs. voltage losses for an ideal inlet stream at 2,000 a/m2

We will now shift our focus to the modified engine emission condition. In Figure 54 we can see
that the cell operating voltage is still higher than the Nernst voltage, indicating that the cell can
still operate as an electrolyzer with the smaller methane content when the cell is operating at
2,000 A/m?. The concentration losses in Figure 55 make up a majority of the losses in the PCER
cell. A spike at 783K is observed due to the oxygen concentration becoming larger than the
water concentration. The activation losses and ohmic losses are present at 600K and become
negligible after 800K. These results indicate that the lack of methane allows the methane
oxidation reaction to become deactivated at a much lower temperature in the case of the

modified emission being used as the PCER feed. These results for both the ideal and the
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modified feed gases indicate that the ideal operating temperatures are between 773K and 873K
for the case that the current density is operating at 2,000 A/m?. The target temperature for the
PCER unit is between 600-773K (350-500°C), so either the current density needs to be changed
or the flow rate can be increased to speed up the methane oxidation reaction, but the temperature
would need to be low enough as to reduce the change for RWGS and RSMR to occur. We will
now shift our focus to the current density to understand how the current impacts the operational
voltage and chemical conversion. In order to study both the impact of temperature and current

density, the cell temperature will be set at 673, 873, and 1000K for each test.
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Figure 54: Temperature vs. operating voltage for a modified real inlet stream at 2,000 a/m2
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Figure 55: Temperature vs. voltage losses for a modified real inlet stream at 2,000 a/m2

4.2.3.2: Ideal Feedstock Electrochemical Operation at Different Current Densities

The current density reflects the speed at which electrolysis will occur within the cell.
Higher current densities allow for the PCER unit to produce more hydrogen, but it also increases
the amount of oxygen and hydrogen in the cell, reducing the water concentration at the cathode.
We will now compare the impact that the ideal feed composition has at different current densities

for each temperature rating.

102



0.6 T T T T
% —o—XCH4,out
\ T Xcozout
\ —%—Xco,out
“-\,\ —*—XH20,0ut
I VT XH2,0ut
041} "x,\—*—xozﬁout
X
=
K<)
=
2 I
o 0.2+
)
=
0 . A e e i 4
0 2000 4000 6000 8000 10000

jcell (A/m?)

Figure 56: Current density vs. mole fraction for an ideal feed stream at 673K

At 673K we can see in Figure 56 that the water is the primary limiting reactant, with the
concentration dropping rapidly from 1000 A/m? to 3,000 A/m? before reaching a more consistent
trend with the other reactants in the stream. The concentration losses in Figure 59 reflect this
drop, with the ohmic and activation overpotential losses becoming larger than the concentration
losses between 4,000 A/m? and 5000 A/m?. Due to the hydrogen evolution reaction becoming the
dominant reaction after 3,000 A/m?, the conversion of methane from methane oxidation becomes
less impactful to the system with the more abundant oxygen content from the HER reaction. We
can see that a small quantity of CO is being produced as the current density is increased while
the CO decreases very slightly, indicating the occurrence of a backwards reaction. The reactions
in Figure 58 indicate that as the current density is increased, the methane oxidation reaction
increases while reverse steam methane reforming becomes more powerful. As previously
discussed, the increase in oxygen in the system from the HER reaction allows for the methane

oxidation reaction to become stronger. Due to the increased concentration of hydrogen in the
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system while sustaining water, the stream methane reforming reaction can become more active at
lower temperatures than previously observed. This observed reverse steam methane reforming
reaction may limit the optimal current density for the cell, with the methane oxidation reaction
needing to intake more of the produced oxygen to stop the chance of methane being produced

from the cell. This observation will need to be further studied in the modified case.
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Figure 57: Current density vs. operating voltage for an ideal feed stream at 673K
The operational voltage is always higher than the Nernst voltage, indicating that the cell can
operate as an electrolyzer even at high current densities. The losses are also minimal when
compared to the Nernst voltage, indicating that, for an ideal gas feed stream, the lower
operational temperature with a higher current density may be the ideal operational condition.
This may not be the case for the low methane case found in the modified reaction emission

situation.
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Figure 58: Current density vs. reaction rates for an ideal gas feed at 673K
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Figure 59: Current density vs. voltage losses for an ideal feed stream at 673K

We will not look at the current density results for the ideal case at 873K. Figure 60 shows
a complete utilization of water after 6,000 A/m?, indicating a potential limitation for cell

operation when the cell is operating at 873K. The reaction rates in Figure 61 indicate that the

105



reverse water gas shift reaction and the methane oxidation reactions are relatively similar until
the cell reaches a current density higher than 4000 A/m?, at which point the RWGS reaction
becomes much more active as the current density is increased. This trend is validated in Figure

60 with CO overtaking CO; at 4,000 A/m? and the hydrogen concentration dropping after 5,000

A/m?.
0.6 T T T T
L~ XCHd,out ]
| — % Xco2,out (/""/A
—*—Xco,out ///’
|~ —XH20,0ut < ]
I % XH2,0ut 1
0.4 —=XozFout ; ]
>< = : i :
= "
i)
©
o I
L
o 02+
Ie)
=
0 =3 " o Y 4.
0 2000 4000 6000 8000 10000

jcell (A/m?)

Figure 60: Current density vs. mole fraction for an ideal feed stream at 873K
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Figure 61: Current density vs. reaction rates for an ideal gas feed at 873K

The operating voltage and the voltage losses in Figure 62 and Figure 63 indicate that the cell
cannot operate as an electrolyzer after 7,000 A/m?, with the operating voltage dropping below
the Nernst voltage. This is due to the production of water and CO from the RWGS reaction
instead of using the water for the production of oxygen and hydrogen, making the anode partial
pressure negative. In the case that the cell is operating at 873K, The PCER unit an only operate
so long as water is available in the system. Because of this, the PCER cannot operate at a current

density higher than 6,000 A/m?.
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Figure 62: Current density vs. operating voltage for an ideal feed stream at 873K
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Figure 63: Current density vs. voltage losses for an ideal feed stream at 873K

We will not look at how the current density impacts cell operations when it is operating at
1000K. In Figure 64 we can see that the water usage is exacerbated with the water being fully
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utilized by 4,000 A/m?. After 4,000 A/m? the hydrogen content drops and becomes inversely
proportional to the CO concentration. This phenomenon can be explained when analyzing the
reaction kinetics shown in Figure 65. Methane oxidation increases as the current density is
increased while the water gas shift increases drastically in the reverse direction. This high level
of RWGS and a slight increase in methane oxidation and steam reforming indicates that the cell

operates in a fuel cell configuration, utilizing the produced hydrogen as fuel to produce methane.
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Figure 64: Current density vs. mole fraction for an ideal feed stream at 1000K
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Figure 65: Current density vs. reaction rates for an ideal gas feed at 1000K

This swap from an electrolyzer to fuel cell configuration is validated by the voltage graphic and
voltage losses shown in Figure 66 and Figure 67. After 4,000 A/m? the Nernst voltage spikes and
overtakes the operational voltage between 4,000 A/m? and 5,000 A/m?. Similar to the 873K
condition, the production of water and the use of hydrogen causes the natural log of the pressure
relationship for the anode and cathode to go negative, which indicates a loss of electrolyzer
function. Although a negative concentration overpotential is not physically possible in a real cell,
it does indicate when the cell is no longer operating in a electrolyzer configuration. These results
indicate that when the PCER cell is operating at 1000K, the current density must be kept below

4,000 A/m?,
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Figure 67: Current density vs. voltage losses for an ideal feed stream at 1000K
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4.2.3.3: Real World Feedstock Electrochemical Operation at Different Current Densities

We will now study the impact that feeding the PCER unit the fuel composition obtained
from the optimized engine testing at a spark timing of 11.5BTDC and a hydrogen blend of 20
mol%. As previously discussed, the composition utilizes an additional feed of water and methane
in quantities of 40 mol% and 5 mol% respectively. We will now study the impact that the current
density has on the electrochemical operation and outlet concentration from the cell at 673K,
873K, and then 1000K. The modified emissions at 673K show that the water content does not get
fully utilized at any current density within this study, as shown in Figure 68. The reaction
kinetics in Figure 69 show that both steam methane reforming and the water gas shift reaction
are backwards by the last cell length, but the methane oxidation reaction is stronger than either of
the reverse reactions. The methane oxidation reaction levels out at 5,000 A/m?, so this condition

will be further investigated.
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Figure 69: Current density vs. reaction rates for the modified feed case at 673K

At 673K the operating voltage shown in Figure 70 never goes below the Nernst voltage, although
this results becomes less ideal when we study the losses in Figure 71. Between 4,000 A/m? and
5,000 A/m? the concentration losses become less than the ohmic and the activation losses, with
the concentration losses leveling out slightly negative after 5,000 A/m?. The activation losses are
larger than the ohmic losses, with both losses increasing with an increase in current density. This
pattern makes sense, with a higher current density putting more strain on the materials and the
material needs a higher voltage for the system to overcome the activation limits. The
concentration losses going to a slight negative are due to the RWGS and RSMR reactions
creating small amounts of water, methane, and CO while utilizing CO> and H. Methane is not an
issue because the methane oxidation reaction is more active than RWGS or RSMR. The issue

comes from concentration losses, limiting the operating of the cell to less than 5,000 A/m?. The
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concentration losses are quite small, so this limitation may not be the case in experimental
testing. This conclusion can be made because the concentration losses, when compared to other
explored cases, is very small. This is even more apparent with ohmic losses and activation losses

becoming larger than the concentration losses, which is a case that we have not see so far.
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Figure 70: Current density vs. operating voltage with a modified cell feed at 673K
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Figure 71: Current density vs. voltage losses with a modified cell feed operating at 673K

We will now look at the current density impact when the PCER model is set to 873K.
Higher temperatures promote catalyst-driven reactions, which have been demonstrated in
previous sections. With this being the case, we can see in Figure 72 that all of the water is fully
utilized by 3,000 A/m? and the hydrogen peaks at this current density after dropping consistently
as the current density is increased. The reaction rates in Figure 73 giver more context to this
trend with the reverse water gas shift reaction overtaking the methane oxidation reaction after
3,000 A/m?. This results in a drop in CO» early on and a consistent spike in CO as the current
density increases. This issue translates to the electrochemical results, with the operating voltage
in Figure 74 being higher than the Nernst voltage below 3,000 A/m?. The concentration losses

are the highest than seen previously goes as high as -1.2 volts at a current density of 8,000 A/m?.
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Figure 75: Current density vs. voltage losses with a modified cell feed operating at 873K

At 1000K the results are very similar to the 873K results with the mole fraction
conversion of water dropping to 0 at 3,000 A/m? and hydrogen, CO», and oxygen all dropping
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consistently at higher current densities as shown in Figure 76. The reactions have a similar trend
to the reaction at 873K with the RWGS reaction becoming more powerful at 1000K as shown in
Figure 77. Although the RWGS reaction is higher at 1000K, the electrical operating is not
changed much when compared to 873K, with the maximum current density of 3,000 A/m? being
the boundary before the concentration losses go negative as shown in Figure 79. At 3,000 A/m?

the Nernst voltage overtakes the estimated operational voltage as shown in Figure 78.
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Figure 76: Current density vs. mole fraction for the modified feed condition at 1000K
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Figure 77: Current density vs. reaction rates for the modified feed case at 1000K

Figure 78: Current density vs. operating voltage with a modified cell feed at 1000K
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Figure 79: Current density vs. voltage losses with a modified cell feed operating at 1000K

After analyzing the real world modified emissions as a feedstock for the PCER cell for
673K, 873K, and 1000K, it can be concluded that a lower temperature operation benefits the cell
by limiting the reversal of the water gas shift reaction and steam methane reaction, allowing for
the maximum production of hydrogen and CO; while reducing the production of CO. By
reducing these reactions, the cell can effectively operate in an electrolyzer configuration. The
ideal case with real world modified emissions is to have the cell operating at a current density
from 2,000 A/m? to 5,000 A/m? at a temperature of 673K. In section 4.2.1: Operating
Temperature Impact it was observed that the cell was viable for operation at 780k, so further
testing can be conducted to obtain an ideal current-to-temperature value, but for the sake of this
study a range of 2,000-5,000 A/m? at a temperature between 673-780K will be used as a

reference range for experimental testing.

121



4.2.4: PCER Validation Data

As previously discussed, no PCER system with the specified design and materials
selections currently exists. The model framework is built off the work conducted by Norman et.
al., so the general framework is validated [78]. The electrochemical model was built utilizing the
work from Norman et. al. and Kazempoor et. al. [78], [124]. The steam methane reforming and
water gas shift reactions are validated by matching the inlet concentration and temperature range
that Palma et. al. had obtained and graphed the observed methane conversion rate from their
work as shown in Figure 80. With the developed PCER model operating with water gas shift and
steam methane reforming and the HER and MO reactions turned off, the model was able to

obtain similar trends to what Palma et. al. had observed [116].
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Figure 80: Temperature vs. methane conversion validation dataset matching this work to Palma et. al. [116]
4.3: Aspen HYSYS Modeling Results

The aspen HYSYS model simulates the combustion engine properties and operational
conditions that are not measured on the experimental engine. It was observed in PCER modeling
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that the addition of water and methane back into the system was necessary for effective PCER

operation, along with pre-stream heating. Because of this, the Aspen HYSYS model was

constructed as shown in Figure 81.
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Figure 81: Aspen HYSYS engine model
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The operational conditions from this model provided the flow rates and engine temperatures

found in Table 14.

Table 14: Flow conditions used in the HYSYS model

Fuel Temperature Exhaust
Angle My (Ib/min) Vi (f3/min)
(F) Temperature (F)
Baseline (11°BTDC,
0.485 372 97.0 479.6
0% H2)
11.5°BTDC, 20% H2 0.452 372 89.7 481.0

This thesis will focus on the modified engine condition emissions because it was used in the

PCER modeling section. The modified emissions require the addition of 5 mol% of methane and

40 mol% of water. Due to the PCER unit operating at atmospheric pressure, no pumps were

installed. The primary focus is to raise the flow temperature to 500°C as an estimate, as that
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temperature found to be in the upper ranges for the cell operation utilizing the modified real-
world exhaust stream. At this condition, the mass flows and heater duty for the addition of water

and methane into the stream as shown in Table 15.

Table 15: HYSYS model and PCER parameters for PCER integration

Mol % | Mol % McHa Mpy20 Mexnaust | Heater Duty
Angle
CH4 | H20 (kg/s) (kg/s) (kg/s) (KJ/h)
11.5°BTDC,
5.15 | 49.17 | 1.123*10%| 0.1188 0.3396 1.74*10%
20% H2
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Chapter 5: Conclusion and Future Works

In this thesis, various methods of reducing methane emissions from industrials engines
are proposed and studied. The concept of hydrogen blending and spark ignition timing are
studied experimentally on an AJAX DPCI105. The spark ignition timing modification is able to
reduce methane emissions when the engine timing is advanced to 11.5 degrees before top dead
center (BTDC) and 12 degrees BTDC. The engine performance is also studied, with the thermal
efficiency increasing when the timing is advanced. The addition of hydrogen to an optimized
spark timing of 11.5°BTDC observed a methane reduction of 68.5% when 20% hydrogen is
added to the system. The primary dataset analyzed used an engine load of 60%, with the
validation data operating at 55% engine load. Future work can look at the impact that hydrogen
blending and spark ignition timing can have on methane emission reductions at different engine
loads and operational conditions. Additionally, a cost analysis needs to be conducted to
understand the long-term cost difference that hydrogen blending in an engine that operates 24
hours a day, 7 days a week may incur when compared to the cost of replacing the engine. To
complete the process and fully mitigate methane emissions, an electrochemical reactor is also
proposed which is able to convert the tail gas of engine to hydrogen and CO2 through surface
and electrochemical reactions. The protonic ceramic electrochemical reactor is modeled to
convert engine exhaust emissions, namely methane, and produce hydrogen as a value-added
chemical. The model is able to fully convert the methane emissions for both ideal and modified
real-world cases. The real-world emissions in the PCER cell are found to be limited to an
operational range of 2,000-5,000 A/m? at a temperature between 673-780K. Experimental testing
is needed to further understand how the cell functions under real world conditions relating to

both the electrochemical resistances and the effectiveness of the reaction kinetics. The PCER
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model in this thesis is also quite small, so more work will have to be done to understand the
operations of a larger cell. The aspen HYSYS model demonstrates a theoretical process blueprint
for how to blend water and methane into the engine exhaust stream, but this condition should be
modified and tuned based on the exact flow rates and heating requirements put forth by the real

PCER cell when installed into the exhaust line of the DPC 105 natural gas compressor.
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