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Abstract

Biogas, a renewable fuel produced from organic waste, is commonly used for cooking and
heating in rural or developing communities. The focus of this study was to investigate the use of
this biogas (50-70% CH, and 20-50% CO,) in a solid oxide fuel cell (SOFC) to produce
electricity. Research in literature has been done on biogas use with button (differential) cells, but
no research has been performed with larger-scale tubular cells, a geometry more indicative of
performance of a larger practical unit. Both humidified and dry biogas compositions were tested
and the cell’s outlet gas composition was analyzed with a mass spectrometer. Stable single-cell
operation was achieved for 250 hours at 12 watts under humidified biogas at 900°C with
minimal degradation. Single cell polarization and durability results were obtained for different
feed gas compositions. Finally, a 5-cell SOFC assembly was tested to simulate a larger practical
unit. A small school in Chhattisgarh, India uses about 465 kWh of electricity per year. One 25-
cell biogas-SOFC stack has the ability to be a primary power source for the school (~2,000

kWh), or be integrated into a solar-SOFC-battery hybrid system.
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1. Introduction

Methane (CH,) and carbon dioxide (CO;) are two greenhouse gases that are emitted through
anaerobic fermentation of organic waste. This gas mixture is commonly called biogas and
consists of 50-75% CHy, 25-50% CO,, and trace amounts of water (H,O), nitrogen (Ny),
hydrogen (H), and hydrogen sulfide (H,S) (Biogas, n.d.). About 30% of the U.S.’s CHy
emissions in 2013 originated from the biogas produced at landfills and livestock sites (EPA,
n.d.). To prevent these emissions, a common method of harnessing the biogas is with a
biodigester. Biodigesters can be found in rural communities and developing areas of countries
where centralized electricity is impractical or unavailable. Figure 1a shows a diagram of a typical

biodigester, and Figure 1b shows a biodigester that has been implemented in Cambodia.

Figure 1: a) Biodigester diagram (Services, 2012), b) Constructed biodigester (The Biodigester, 2014).

In the 1970s the Chinese government “promoted biogas use in every rural family” and facilitated
the installation of over 7 million biodigesters. These areas, however, primarily use the biogas for
cooking stoves. When biogas is combusted, it produces CO and CO,, leading to high levels of air
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pollution (Bond and Templeton, 2011). These areas could greatly benefit from access to
affordable and reliable technology that allows biogas to directly produce electricity. This study

investigates the use of biogas in a solid-oxide fuel cell (SOFC) to produce electricity.

Fuel cell technology converts chemical energy stored in a fuel to electrical energy to produce
electricity. Most types of fuel cells operate on either H, or externally reformed fuels to obtain
good performance and to prevent damaging the cell (Fuel Cell Energy, n.d.). However, pure
hydrogen is impractical due to its high cost and difficulty with storage and transportation, and
externally reforming fuels is costly, complex, bulky, and inefficient. Solid oxide fuel cells
(SOFC) relieve these difficulties with their high operating temperature (700 — 1,000 °C) and thus,
ability to internally reform hydrocarbons and to simultaneously produce utilizable heat

(Protonex, n.d.). Figure 2 shows a flow diagram of a biodigester-SOFC system.

—

LED Light bulb

vvvvv

Protonex P200i SOFC

Biodigester i
S
Gas cooking stove

Figure 2: Biodigester-SOFC system flow chart.

The high operating temperature of SOFC provides both advantages and challenges. The former
include high efficiency and direct electro-oxidation of C; (CO, CH,) molecules at the anode
(Mcintosh and Gorte, 2004). The latter include sealing, thermal mismatch, interconnect, and

other material and hardware issues. In fact, the chemistry at the anode is far from certain. Thus,



depending upon the anode thickness and the amount of Ni present in the anode cermet layer, in
situ reforming of simple C; fuels such as CH, occurs, along with water-gas shift reaction,
because of internal recirculation of the water produced via H; electro-oxidation (Hecht et al.,

2005).

The two most common SOFC structures are tubular and planar. The tubular SOFC (T-SOFC) is
typically stronger than the planar cell in terms of ability to handle both thermal and mechanical
stress. T-SOFC are also advantageous over planar SOFC due to their sealing capabilities. The
ratio of active area to sealing area for a T-SOFC is much greater than that of a planar SOFC,
decreasing the risk of leaks at the site of sealing (Waldemar et al., 2007). Figure 3 shows typical

tubular solid oxide fuel cells.

Figure 3: Typical tubular solid oxide fuel cells (Tubular, n.d.).

Despite the apparent feasibility of a direct biogas-fed SOFC, there is often concern over carbon
deposition at the anode. Carbon deposition is detrimental to SOFC because the solid carbon
deactivates the Ni catalyst by inhibiting the transport of reactants and of electrons at the Ni
surface and can also destroy the anode structure. Thermodynamic analyses have been performed
to determine the possibility of carbon deposition based on fuel composition and operating

temperature. According to Shiratori et al.’s (2010) work on internal dry reforming of biogas



mixtures, a SOFC fed with a biogas mixture of 50% CH,:50% CO, should operate around at
least 900°C to prevent carbon deposition (Shiratori et al., 2010). The high temperature operation
of hydrocarbon-fed SOFCs leads to a high cost of operation. To combat this high cost, research
has been done on external reformation where hydrogen is extracted from the hydrocarbon fuel
before entering the cell. Doing so protects the anode from carbon deposition while allowing
lower operating temperatures. This strategy is effective in decreasing the cost associated with
high-temperature operation, but there are costs associated with external reforming equipment and
operation as well, and the efficiency of the cell is reduced when externally reforming the fuel.
Due to these significant drawbacks with low-temperature operation coupled with external
reforming, the focus of this work is a direct biogas SOFC with a high-temperature operation and

internal reforming.

Previous research has been conducted on the performance of SOFC running on internally
reformed synthetic biogas; however, most of the research is done on small-scale planar button
cells that produce power on the milliwatt scale. For example, a 64 mm? planar cell operated for
800 hours and produced approximately 100 milliwatts for the duration of the test (Shiratori et al.,
2010). Two cells, 60 mm? and 80 mm? planar cells, were run for about 500 hours each and
produced around 15 and 60 watts for each size cell, respectively (Papadam et al., 2012).
Although both groups obtained results that show the potential of SOFC operating on biogas,
button cell research is limited due to the smaller active area of the cell, as well as the lack of a
concentration gradient over the length of the cell (Standardization, n.d.), causing the results of
the button cell research to be not directly applicable to large-scale SOFC in commercial SOFC

systems. The work performed in this research aims to bridge the gap between the current



research on small milliwatt-scale fuel cells and larger watt-scale fuel cells that have the potential

to be used in a commercially available SOFC system.

The following chapters include a review of related literature, methodology, results and

discussion, and conclusions. The literature review provides information about both the biogas

and fuel cell industries, and what research has been done thus far to merge the two industries.

The methodology details the methods used to obtain results for the following five objectives:

4.

5.

Determine the effects of biogas composition on performance of single SOFC
Determine the effects of fuel utilization on lifetime of single SOFC
Determine the effects of moisture in feed on SOFC lifetime

Analyze the outlet gas composition of single SOFC with mass spectrometer

Operate a 5-cell SOFC assembly on synthetic biogas

The results and discussion chapter is broken up based on each of the above objectives. The

conclusions summarize the main findings, and include a discussion of the commercialization

potential of the biogas-fed SOFC studied in this experiment.
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2. Literature Review

To contextualize the issues motivating this project, the literature review here will provide
information about fuel cells and their capabilities, especially in the biofuel industry. The chapter
will begin with an overview of the world’s current energy usage and production, and its effects
on the environment. The chapter then will explain the technical aspects of both solid oxide fuel
cells and biogas. Finally, to provide context for how the work presented in this report fits in to
the current state of the art, the literature review will couple the SOFC and biogas discussion by

summarizing research that has previously been done on feeding biogas through SOFCs.

2.1 Fuel Cells as an Energy-Producing Technology

In a world where the demand for energy is rapidly increasing, discovering clean energy sources
and developing efficient technology to use those resources is critical. Discovered by William
Robert Grove, the “gas battery,” or fuel cell, took off in 1840 when Grove found that he could
generate an electric current by reversing the hydrolysis of water (SAE, 2015). Since then, fuel
cells have been used and tested by NASA on spacecraft, leading car manufacturers, the US
military, and many other industries in an attempt to efficiently produce clean energy. The fuel
cell industry is projected to continue to grow with an industry value of $5.20 billion by 2019.
Further, the number of stationary, portable, and transportation fuel cell shipments is expected to

exceed 200,000 by 2019 (Figure 4)(Fuel Cell Technology, 2014).

2.1.1 Global Energy Status
Energy serves as the foundation for a healthy global economy, providing essential services for
humans around the world. Many countries desire access to energy resources and the technology

that enables them to utilize those resources efficiently in order to improve their economy and
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residents’ quality of lives. Currently, coal, oil, and natural gas (fossil fuels) are the world’s
primary sources of energy accounting for about 75% of the world’s total energy supply. When
burned, however, these fossil energy sources produces the greenhouse gas carbon dioxide (CO,),
along with pollutants such as carbon monoxide (CO) and nitrogen oxides (NOy), leading to high

levels of air pollution (Bond and Templeton, 2011).

Fuel Cell Market Size (Volume), by Unit Shipments, 2014-2019

250,000
200,000
150,000
100,000

50,000

O
m2013 wm2014-¢ m2015-p m2016-p m2017-p wm2018-p wm2019-p

Figure 4: Fuel cell market size projection (Fuel Cell Technology, 2014).

The planet’s population is continually increasing and expected to reach nine billion people by
2050 (Population, n.d.), as is their standard of living. These two factors together naturally give
rise to an increasing energy demand for the foreseeable future. The fossil fuel supply is limited,
so continued use without greatly increasing the renewable fuel options could lead to a depletion
of the world’s energy supply while adding to greenhouse gas emissions, a worrisome scenario
for the global economy and climate change. If renewable resources and technologies are not
increasingly utilized, the increasing energy demand has the potential to outweigh the finite fossil

fuel supply, creating a global energy crisis (FAO, n.d.).
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2.1.2 Fuel Cell Operation

Fuel cell technology mitigates the harmful emissions of current energy-producing methods by
producing energy more efficiently and therefore with smaller net quantities of CO, and CO
emissions. This technology converts the chemical energy present in hydrogen-rich fuels directly
into electrical energy and utilizable heat, unlike conventional methods, where the energy of a
fuel is first converted to thermal energy via combustion, and then into mechanical energy of a
turbine, and finally into electrical energy via an alternator. Fuel cells generally consist of anode
where the fuel reacts electrocatalytically producing electrons that are directed to the external
circuit, and cathode electrodes where the oxidant, usually oxygen from air, gets reduced using
the electrons arriving from the external circuit after performing useful work, and an electrolyte
separating the two electrodes which allows ions produced at the anode or cathode to complete

the circuit.

Other fuels aside from hydrogen may still be used in fuels cells, but some types of fuel cells
require external reforming to convert the non-hydrogen fuel to pure hydrogen or a hydrogen rich
mixture before entering the cell. In all cases, as long as there is fuel and oxygen supply, fuel cells
produce electricity, and thus, unlike batteries, they do not require recharging(Fuel Cell Energy,

n.d.).

2.1.3 Types of Fuel Cells

There are many different types of fuel cells being researched today. Most of the cells are named
by their electrolyte characteristics. Examples include polymer electrolyte fuel cells (PEMFC),
alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells
(MCFC), and solid oxide fuel cells (SOFC). This section will discuss the basic characteristics of
these 5 types of fuel cells and their advantages and disadvantages (U.S.D.O.E, 2004).
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The first type of fuel cell that will be discussed is the polymer electrolyte fuel cell (PEMFC). The
electrolyte for this type of fuel cell is the ion exchange membrane, which is a solid electrolyte
that conducts protons. This electrolyte requires constant hydration, so the water in the cell must
not evaporate faster than it is produced. This restriction imposes a strict operating temperature
range of 60°C-100°C, with most cells operating between 60°C and 80°C. This also means that
pure H, is required as a fuel with very low tolerance for CO, which poisons the catalyst. The
anode and cathode catalyst for the PEMFC is generally a platinum-based catalyst. The general
operation of the PEMFC/PAFC is shown in Figure 5 (U.S. D.O.E., 2004). The PAFC instead
utilizes supported phosphoric acid as the electrolyte and operates at higher temperatures (150 —

220 °C) and so can utilize reformed hydrogen with up to 1% CO directly.

Electron Flow
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Figure 5: Operation of PEMFC or PAFC (Technologies, 2016).

The most common application for PEMFC is in the fuel cell vehicle (FCV) industry. There is
also PEMFC presence in portable power and small stationary power (U.S. D.O.E., 2004) The
most prominent limiter to additional commercialization of PEMFC is the cost and durability. The
components of a PEMFC are inherently expensive and undergo significant degradation after

about 5,000 hours for lightweight vehicles, and 40,000 hours for small stationary power systems.
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The Department of Energy (DOE) consistently establishes goals to decrease the loading of the
platinum catalyst in the PEMFC, as well as the overall cost to increase its commercialization

potential (Wang et al., 2011).

Overall, there are many advantages to PEMFC. One of these includes fast start-up due to the low
operating temperature. Also, the performance in terms of current and power density is very high.
On the other hand, there are a few disadvantages to PAFC as well. The low operating
temperature only allows the use of hydrogen rather commercially available fuels. Any
contaminants including CO, sulfur, and ammonia are detrimental to the performance of the cell.
In addition, there is currently a lack of hydrogen infrastructure available (U.S. D.O.E., 2004),

and hydrogen, being the lightest element is difficult to efficiently transport and store.

The phosphoric acid fuel cell (PAFC) uses a liquid phosphoric acid as its electrolyte. The acid is
generally concentrated at 100 percent and operates around 150°C-220°. The anode and cathode
are made of a porous carbon material with a platinum catalyst. The operation of PAFCs is

identical to that of the PEFC shown in Figure 5 above.

The efficiency of PAFCs are very high at 85 percent when factoring in electricity plus heat, but
for just electricity, the efficiency is about 37-42 percent, which is only slightly more than that of
a combustion-based conventional heat engine generator. PAFCs have many advantages over
other fuel cells. They have a higher tolerance than PEFCs and AFCs for small amounts of
impurities such as CO, but their low operating temperature still allows for the use of common
and commercially available materials. In addition, PAFCs produce a significant amount of usable
waste heat. There are some disadvantages of PAFCs though. One of these includes the fact that

the phosphoric acid electrolyte is very corrosive, so expensive separators are required in the

15



stack. Also, efficient PAFCs still require expensive and complex reformer systems including a

water gas shift reactor when methane is used as the fuel.

Another type of fuel cell is the alkaline fuel cell (AFC). The AFC uses a potassium hydroxide
(KOH) electrolyte soaked into a porous separator. If the cell is operated at high temperatures,
above 250°C, the KOH is concentrated at about 85 wt. percent. If the AFC is operated at lower
temperatures, less than 120°C, the KOH is less concentrated at about 35-50 wt. percent. The
AFC can use a variety of catalysts including nickel, silver, metal oxides, spinels, and noble
metals (U.S. D.O.E., 2004), although Pt is still the most common catalyst employed. The

operation of an AFC is depicted in Figure 6.
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Figure 6: Operation of AFC (Technologies, 2016).

The AFC was one of the first fuel cells to be developed. They were developed with a goal of
using them on the Apollo space mission to provide electricity as well as potable water on the
space craft. Unfortunately, for terrestrial applications the AFC is very susceptible to CO,
poisoning, even at very small concentrations such as those in the air, and the CO, can negatively

affect the performance and lifetime of the fuel cell by reacting with the KOH electrolyte. One of
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the advantages of the AFC is the high rate at which the electrochemical reactions, hydrogen
oxidation reaction (HOR) at the anode, as well as oxygen reduction reaction (ORR) at the
cathode, occur due to the variety of suitable catalysts. When pure hydrogen and oxygen are used,
the AFC can achieve up to 60% efficiency. Despite the potential of the AFC, the CO; intolerance
requires an extremely precise removal system, an aspect that can significantly increase the cost

and size of an AFC system.

The electrolyte in the molten carbonate fuel cell (MCFC) generally consists of an alkali
carbonate and is operated at high temperatures (600°C-700°C). At these high temperatures, there
is no longer a need for expensive precious metal catalysts at the anode and cathode. The typical
catalysts for an MCFC are nickel at the anode and nickel oxide at the cathode. Because of the
high temperature of operation, the MCFC can utilize fuels other than hydrogen, such as

hydrocarbons, natural gas, and biogas. Figure 7 shows the operation of an MCFC.
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Figure 7: Operation of MCFC (Technologies, 2016).

Overall, the advantages of MCFCs include the ability to use inexpensive catalysts and readily
available fuels, and being able to recycle the waste heat from the high temperature cell improves

the efficiency of the cell to be over 50 percent. One of the major disadvantages of the MCFC is
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the corrosiveness of the electrolyte. Also, despite the advantages of the high operating
temperature, the high temperatures introduce problems with materials and stability of the system

(U.S. D.O.E., 2004).

Solid oxide fuel cells (SOFCs) are a highly efficient power-producing system (about 60%
efficiency) (Garrison, n.d.) that operate under very high temperatures (600°C-1000°C), allowing
for internal reformation of fuels. Internal reformation allows for more practical fuels than
hydrogen to be used directly in the fuel cell because the fuel does not have to go through
advanced and expensive external reforming. In addition to oxidizing hydrogen, SOFC has the

ability to directly oxidize CO as well (Yi et al., 2005). Figure 8 shows the operation of an SOFC.
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Figure 8: Operation of SOFC (Technologies, 2016).

The two most common SOFC structures are tubular and planar. The tubular SOFC (T-SOFC) is
typically stronger than the planar cell in terms of ability to handle both thermal and mechanical
stress, making the tubular cell an excellent match for small-scale and portable systems (Protonex,
n.d.), similar to those that would be implemented alongside biodigesters in small rural

communities. A porous Ni-YSZ (nickel-yttria stabilized zirconia) anode is very common in T-
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SOFCs. Ni-YSZ is relatively inexpensive, robust in high-temperature atmospheres, and displays
similar expansion properties to a YSZ electrolyte. The Ni plays an important role in the

functioning of the cell by serving as an electronic conductor and internal reforming catalyst. The
reforming characteristic is especially important when hydrocarbons, like CH,, are fed directly to
the cell, as the Ni acts as a reforming catalyst when H,, CO, CO, are produced from the CH, and

H,0 (Hecht et al., 2005).

The SOFC electrolyte must conduct oxide ions and be dense to prevent the passage of gas
molecules. The YSZ electrolyte is a common electrolyte material due to its high oxide ion
conductivity and high density, but it is also not highly conductive electronically so that the

electronic current does not leak from the interconnects (Hecht et al., 2005).

There are many advantages to using SOFCs including the ability to oxidize CO in the cell, the
relatively inexpensive cell materials, and high efficiencies. The disadvantages are generally
associated with the high temperature operation of the cell, as the high temperature poses
problems with thermal expansion and corrosion of various parts of the stack. There are also

difficulties with sealing between planar fuel cells (U.S. D.O.E., 2004).

2.1.5 Fuel Cell Performance Modeling

The three main variables for fuel cell characterization include voltage (V), current (I) or current
density (i), and power (P) or power density. VVoltage and current can be measured during the
operation of the fuel cell, and power can be calculated as the product of the voltage and current

as shown in equation 1.

P=VxI 1)
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One of the most common ways to characterize the performance of a fuel cell is either with
potentiostatic or galvanostatic techniques. Potentiostatic method involves applying a constant
voltage potential to the cell while measuring the responding current. Galvanostatic is the
opposite; applying a constant current to the cell while measuring the resulting voltage potential.
After conducting an experiment using either of these techniques, a power versus time graph can
be constructed based on the product of the current and voltage results. The purpose of this type
of characterization is to observe the behavior of the cell over time (Olivier, 2008). Potentiostatic
and galvanostatic techniques are especially useful when observing the lifetime of a cell,

especially if it there is a risk of degradation.

Not only is it beneficial to observe current or voltage over time, but the relationship between
current density and voltage can also present useful information. This relationship is usually
shown in a polarization curve (Figure 9) where the cell voltage is plotted against the current

density, defined as the electric current per cross-sectional area of the cell.

ideal (thermodynamic) fuel cell volta
/—

Fuel cell voltage (V)

Current density (A/cm?)

Figure 9: Plot of low temperature polarization curve with overpotentials (Introduction, 2012).
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Polarization curves are helpful when examining the voltage losses associated with the cell.
Figure 9 is an example of a polarization plot for a low temperature fuel cell. The losses
associated with high temperature fuel cells are generally small, and the polarization plot is linear.
On the other hand, in low temperature fuel cells Tafel or logarithmic dependence is observed
between voltage loss and current density for electrode reactions. A fuel cell has an ideal voltage
that is constant with respect to the current density and greater than the actual voltage. Any
deviation from this constant voltage is called over voltage or over potential, and the difference
between the actual voltage and the theoretical voltage is inversely proportional to the cell’s
power output; that is, the smaller the difference between the voltages the greater the cell’s power

output (Rayment, 2003).

The anode, cathode, and overall cell reactions for the case of hydrogen fuel flowing through a

solid oxide fuel cell are as follows:

Electrode Reaction Potential (V) AGg (kJ/mol) g,
Anode: H, + 02~ = H,0 + 2e” @3, = —0.560 -99.5 +2
Cathode: 0, + 4e” = 20%~ 2, = +0.669 -258.2 +1 @
Overall: 2H, + 0, = 2H,0(g) Vy = 1.185 -457.4

The thermodynamic data and the corresponding electrode potentials are based on assuming that

the enthalpy of formation of the oxygen anion in YSZ is HﬁoZ-(ysm = —85.6 kJ/mol, and

entropy Sﬁoz_(ysz) = 148.4 J]/molK (Goodwin et al., 2009), further assumed to be independent
of temperature, so that G g2- g, = —129.1 kJ/mol. It is worth mentioning that these

thermodynamic parameters are not yet known precisely. The water formed is assumed in the
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vapor form, i.e., Gfy, 0.5 = —228.6 k]/mol. Further, the Gibbs free energy and hence the cell

thermodynamic potential declines with temperature, i.e.,

l xl%lzxoz

V, = 1.185 — 2.302 x 10~4(T — 298) — X n (3)
2F X, 0
Similarly, for the case of CO fuel, the anode, cathode, and overall cell reactions are
Electrode Reaction Potential (V)  AG (kJ/mol) o,
Anode: CO + 0%~ = CO, + 2e” @2, = —0.664 -128.1 +2
(4)
Cathode: 0, +4e™ =202 P2, = +0.669 -258.2 +1
Overall: 2C0 + 0, = 2C0, Vg = 1.333 -514.3
And the thermodynamic cell potential in relation to temperature is
2
Vo = 1.333 — 4.494 x 10~*(T — 298) — 2% |p Zc0T02 (5)
L J 2F xcoz

Y
o]
Vo

Thus the cell thermodynamic potential declines linearly with temperature for both hydrogen and

carbon monoxide fuel.

At a temperature of 1,000 °C under hydrogen conditions, thus, this provides, for unit activities or

pure components, a standard thermodynamic potential Vi = 0.96 V. The actual thermodynamic

cell voltage is different, as affected by the mole fractions of the species indicated in the

expression above. The OCV is usually lower because of any crossover and internal shorting as

well. The electrolyte in SOFC possesses some electronic conductivity, causing a loss in cell

voltage; however, the electrode kinetics at SOFC temperatures are very rapid, with small
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overpotentials. The largest potential losses are often due to the electrolyte layer, or due to

diffusion limitations in the electrodes at higher current densities.

The three main types of potential losses that contribute the difference between the actual and
theoretical voltages include activation, Ohmic, and mass transport losses. As shown in Figure 9,

each of these losses occurs at specific current density regions (Rayment, 2003).

The first type of over voltage is called activation losses. These losses occur because the rates of
electrochemical reactions require energy to be enhanced, and at this range of operating
conditions any available energy is used to activate these reactions rather than produce voltage.
High temperatures generally reduce activation losses. Therefore, lower activation losses are

typical for SOFCs due to their high operating temperatures (Rayment, 2003).

Ohmic losses, the second type of over potential, occur due to an Ohmic resistance in the flow of
electrons. Ohmic losses are present in any electrical system and occur in the middle region of
current densities. One way to decrease Ohmic losses is by using electronically-conductive
electrode materials, such as Ni, in the anode, and electrolyte layers with higher ionic
conductivity or smaller thickness. In addition to conductive electrodes, the electrodes should be
short because distance is proportional to resistance, meaning that resistance is increased with

longer electrodes (Rayment, 2003).

The final category of over potential is mass transport loss. This kind of loss occurs due a
decreasing partial pressure or concentration of fuel at either the anode or the cathode. At the
anode, for example, as the cell uses up the available hydrogen, the partial pressure of hydrogen
in the anode decreases, lowering the rate of diffusion and hence the voltage. The same idea is

evident with air pressure at the cathode. In the case of biogas, since CH,4 produces double the
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amount of hydrogen than would normally be fed through an SOFC, the mass transfer losses are
expected to be minimal due to an excess amount of hydrogen present at the anode (Rayment,

2003).

As an external current is drawn, as when experimentally producing a polarization curve, the
reduction in potential registered V is equal to Vo minus the sum of the potential drops
overpotentials across all the internal components in series, namely, anode, electrolyte, cathode,
and gas-diffusion layer. Equation 6 shows the relationship between the local current density, the

potential drops, and the resulting overall cell potential (Janardhanan and Deutschmann, 2007)

V=V =10 = 1. = 1onm () — Nconc (D) (6)
The anode and cathode (represented respectively by the subscripts a and ¢) overpotentials are

represented by n, and n., respectively, and can be calculated via equations 7 and 8.

2RT ., _1( i

Ng = nTFsmh 1 (Ziloa) (7)
2RT ., _1( i

e = sinh™! (z;o,,) (8)

The local current density is represented by i, and i,, and i, are the exchange current densities of

the anode and cathode respectively.

The Ohmic overpotential (n,,,) can be calculated with equation 9,

Nohm = iRtor 9)

where R, the total resistance of all of the cell components, can be calculated by equation 10.

Riot = Pele + pala + pclc + Reontact (10)
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In equation 13, the subscript e represents the electrolyte, p is the specific electrical resistance of
the cell component (electrolyte, anode, and cathode), | is the component’s thickness, and

R ontact 1S the contact resistance, if any.

The final loss category represented in equation 6 is concentration 10ss, Or 1.pnc. The

concentration loss can be calculated using equation 11,

RT ]
Nconc = E In (1 - lil) (11)
where i; is the limiting current density, when the current is limited completely by diffusional

limitations of the reactant. Figure 10 presents a polarization plot for the case of pure H, and pure

CO fed to a SOFC.

For the case of pure hydrogen, the standard cell potential, V,, can be described by equation 6,
and thus, after calculating the losses throughout the cell (equations 7-11), the potential with
respect to any current density can be calculated using equation 9. This calculation would allow
for the creation of a theoretical polarization plot for pure H,. A similar method could be used for

pure CO.

Polarization plots for pure H, and CO fed SOFC have been provided in the literature, and an
example of one generated at 850 °C is shown in Figure 10. In addition to the voltage versus
current curve, power versus current density is commonly plotted as well. It is clear from this that
SOFC, owing to its high operating temperatures, is fully capable to electrocatalytically oxidizing
CO directly, while it acts as a poison for the lower temperature fuel cells, which are unable to
electrochemically oxidize CO. Further, the polarization plot for CO is only slightly lower than
that for Hy, indicating a key advantage of the high temperature operation of the SOFC. Electrode

kinetics are enhanced by both temperature and by potential as described by the Arrhenius and the
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Butler-Volmer equations, respectively. Therefore, temperature and potential are complementary.

A high operating temperature means lower overpotentials or kinetic potential losses.
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Figure 10: Polarization plot for pure hydrogen and CO with power density (Homel et al., 2010).

2.2 Harnessing Biogas

Carbon dioxide (CO;) and methane (CH,) are the two main components of biogas formed from
the anaerobic fermentation of organic waste. As a greenhouse gas, methane is actually 25 times
more damaging to the atmosphere than CO.. In terms of CO, equivalence over 6,000 million
metric tons of methane were released into the atmosphere in 2013 (EPA, n.d.). However,
methane can be harnessed using effective technology and used as a fuel. Ever since 1970 when
the Chinese government “promoted biogas use in every rural family” and facilitated the
installation of over 7 million biodigesters, about 42 million small-scale household biodigesters
have been built in China and about 4 million in India in an effort to harness biogas. The biogas is
typically used for cooking, lighting, and sometimes with small combustion engines (Bond and

Templeton, 2011). Figure 11 shows this process being utilized in Vietnam.
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Figure 11: Biodigester to cooking stove process (Taherzadeh, 2012).

Organic waste consists of any biodegradable waste from plants, animals, or humans. There are
three possible paths for this waste. One is for the CO, and CH, emissions to be released to the
atmosphere and contribute to an increase in greenhouse gas emissions. The second path is for
biogas to be burned and used for heating/cooking, while the third is to be used as a fuel in a fuel

cell to generate power.

A biodigester is the vessel where organic waste undergoes anaerobic digestion to produce biogas.
Biogas consists of mostly CH4 and CO,, and traces of water vapor (H,O), hydrogen sulfide
(H2S), CO, and nitrogen gas (N,). Figure 12 shows the biochemical process of anaerobic

digestion.

Some of the most common feedstocks include agricultural residue, food waste, and animal
byproducts (manure, etc.). In general, the CH, content in the biogas produced from any kind of
feedstock ranges between 50-80%. This is a large range because there are many factors that
influence the biogas content. One factor is the characteristics of the feedstock. Within the food

waste category, carbohydrates, fats, and proteins produce about 50%, 70%, and 60% CH,,
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respectively (Muzenda, 2014). If a biodigester were to be fed with food waste, the composition
of the biogas would range between 50-70% CH,4 depending on the biochemical characteristics of
the waste. In terms of manure, the contents of manure vary depending on the diet of the animal.
Dairy cattle manure, for example, produces biogas with 62% CH, content, however, beef cattle
produces biogas with 56% CH,4 (Cropgen, n.d.). In addition, current research has been focused
on codigestion, where one biodigester operates on different kinds of biowastes (e.g. manure +
food mixtures). EI-Mashad et al. (2010) showed that this method increases biogas and CH,4
production (Table 1); however, it introduces additional variability in the feedstock, and thus, the

additional variability in the CH,4 content of the biogas (EI-Mashad and Zhang, 2010).
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Figure 12: Biochemical process of anaerobic digestion (Anaerobic, n.d.).

Another cause of inconsistent biogas content is temperature changes. Vindis and Mursec (2009)

performed an experiment on the effect of mesophilic (35-37°C) versus thermophilic (55-60°C)

28



biodigester temperatures on the CH, content of the biogas produced from a variety of maize

feedstocks (Figure 13) (Vindis and Mursec, 2009).

Table 1: The effect of co-digestion on methane production in biogas (El-Mashad and Zhang, 2010).

Mixtures, food waste % + manure %  Predicted methane yield (L/kgVS fed)

20 days 30 days
10% + 90% 178 211
20% + 80% 205 235
32% + 68% 235 262
40% + 60% 255 280
48% +52% 274 298
60% + 40% 301 323
70% + 30% 322 344
80% + 20% 342 365
90% + 10% 361 385

B8R 8KEE&ESH 3R

Biogas composition (%)

CH4 Cco2 02 CH4 co2 02 CH4 Cco2 02
NK PAKO PR 34N43 RAXXIA

@ mesophilic temp. range
B thermophilic temp. range

Figure 13: Effect of temperature on methane production (Vindis and Mursec, 2009).

The results of this study showed that the average CH,4 content from the mesophilic reactor was
57% and the average CH,4 content from the thermophilic reactor was 60.5% (Vindis and Mursec,

2009).
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2.3 Pairing Biogas with SOFCs

Despite the variations that exist in the CH, content of biogas, the biogas can be fed to an SOFC
to produce power. In order to obtain power from biogas in a SOFC, however, the CH4 needs to
somehow be first converted to H, and CO. This can be done via either external or internal
reformation. External reformation is a way to convert the CH, and CO, to H,/CO before the fuel
enters the cell. This method protects the cell from damage from impurities in the fuel. Despite
this protection, external reformation is a costly procedure and decreases the utilization potential
of the fuel. This limitation leads to the desire for internal reformation, where the fuel is converted
to Ho/CO within the cell. In the case of an SOFC, internal reformation can occur readily because
of its high operating temperature and the presence of the Ni catalyst. Thus, CH, and CO; in the

biogas reform internally at temperatures above 650°C to form H, and CO

CH, + CO, - 2CO + 2H, AH = 247 k] /mol (12)
In the SOFC, the H, reacts with the 0% to form H.,0, while the CO reacts with the O% to form
CO;, as described in Chapter 2, and the resulting electrical current produces a useful voltage.

Based on this hypothesis, biogas, in theory, is a suitable feed for an SOFC.

Lanzini et al. (2013) confirmed this theory experimentally by showing that as temperature
increased above about 500°C the conversion of CO, and CH, increased due to enhanced kinetics,
producing more CO and H, (Figure 14) (Lanzini et al., 2013). At around 850°C, however, the
conversion plateaued suggesting that maximum conversion of CH4 and CO; occurs at
temperatures around 850°C (Lanzini et al., 2013), conceivably because of thermodynamic

limitations. This is discussed in more detail later on in this report.
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Figure 14: Temperature effect on biogas conversion (Lanzini et al., 2013).

2.3.1 Carbon Deposition Damaging the SOFC Anode
Despite the apparent feasibility of a direct biogas-fed SOFC, there is a major concern over
carbon deposition at the anode. The occurrence of one or more of the following three reactions is

possible whenever hydrocarbons or CO are fed through an SOFC:

2C0 - C + CO, (13)
CH, - C + 2H, (14)
CO+H, » C+H,0 (15)

Carbon deposition is detrimental to an SOFC because the solid carbon inhibits the transfer of
reactants and electrons across the Ni surface of the anode, and also possibly dislodges the Ni
particles from the anode matrix. Thermodynamic analyses have been performed to determine the
possibility of carbon deposition based on fuel composition and reaction temperature.

Assabumrungrat et al. (2006) showed that as the ratio of CH4:CO; entering the cell increased, the
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carbon activity also increased. This trend occurred at 900K, 950K, 1000K, 1050K, and 1100K,
but if the carbon activity were to remain constant at 900K and 1100K, there would be a higher

tolerance for a greater CH,4:CO, ratio at 1100K than 900K, suggesting that a higher operating

temperature decreases the amount of carbon deposition (Assabumrungrat et al., 2006).

For the case of pure methane, on the other hand, Lanzini et al. (2013) observed how temperature

affected carbon deposition on a Ni-YSZ anode support by flowing pure methane through the
anode, varying the temperature, and measuring the outlet oxygen, CO,, and CO concentrations,

as well as the amount of carbon on the anode. As shown in Figure 15, the results of this study

suggest at higher temperatures (above 500°C), methane was more likely to form carbon deposits

than at the lower temperatures (Lanzini et al., 2013).

Gas flow (Nml min-1)

—(2 co2 —CO - Cremoved

Cis)

00 400 SO0 600 700 800 900
Temperature (°C)

Figure 15: Temperature effect on carbon deposition (Lanzini et al., 2013).

Clearly, the presence of CO, along with methane in biogas affects the formation of coke.

For the case of pure methane feed, the rate of carbon formation by the carbon deposition reaction

(equation 14) can be represented by (Fogler, 2008),
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I'c :EPCI'L; - EP}ZIZ (005 (16)
where 1. is the rate of carbon formation, k and k are the forward and reverse rate constants,
respectively, P; is the partial pressure of the associated species, and «; is the activity of the

associated species. If the activity of carbon is assumed to be equal to 1, the equation for the rate

of carbon deposition can be written in terms of the overall rate constant as follows,

S 1 P
Ic = kPCH4 (1 — E CHZ ) (17)
4

where K is the overall equilibrium constant.

As mentioned above, Lanzini et al. (2013) also observed that at higher temperatures the
conversion of CH, and CO; was greater, leaving almost zero CH,4 (Figure 15). When there is
very little CH, there is no threat of carbon formation from CH, pyrolysis at high temperatures.
When there is CH, present, however, there is potential for carbon formation as shown in Figure
15. Theoretically, as long as the temperature is high enough to promote 100% conversion of

CHy, then there is no threat of carbon deposition due to CH, pyrolysis (Lanzini et al., 2013).

The high temperature operation of hydrocarbon-fed SOFCs leads to a high cost of operation. To
combat this high cost, research has been done on external reformation where hydrogen is
extracted from the hydrocarbon fuel before entering the cell. Doing so protects the anode from
carbon deposition while allowing lower operating temperatures. This strategy is effective in
decreasing the cost associated with high-temperature operation, but there are additional costs
associated with external reforming as well, and the efficiency of the cell is reduced when

externally reforming the fuel. Due to these significant drawbacks with low-temperature operation
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and external reforming, attention will be given to high-temperature operation and internal

reforming in this research.

2.3.2 Higher Current Density Decreases Carbon Deposition

In order to have internal reforming of the biogas, the conditions must be ideal, causing very little
carbon deposition on the anode. Many researchers have claimed anode failure to be due to
carbon deposition, and because of this threat, much research has been done on internal steam
reforming. Internal steam reforming is beneficial to the cell in a couple ways. First, any excess
CHy, entering the cell can react with H,O and form CO and H, two species that are readily
electrochemically oxidized in a SOFC. This reaction prevents any excess CH4 from breaking
down into C and H,. Secondly, the water present in the cell can also clean out any carbon that
has been deposited on the anode. Laosiripojana and Assabumrungrat (2007) experimentally
demonstrated this idea by measuring the amount of carbon formation (monolayers) present after
running an SOFC on various CH4:H,O ratios (Table 2) (Laosiripojana and Assabumrungrat,

2007).

Table 2: Carbon formation with various fuel:water ratios (Laosiripojana and Assabumrungrat, 2007).

Type of fuel Fuel/H,0 ratio Yield of H, Fraction of the by-products (%) C formation (monolayers)
production (%)
(€0) CO, CH, CyHg C,Hy

Methane 1.0/3.0 70.9 68.1 31.9 - - - 0.21
1.0/4.0 73.7 65.2 34.8 - - - 0.15
1.0/5.0 715 593 40.7 - - - 0.09

Methanol 1.0/3.0 59.7 62.9 277 9.4 - - 0.37
1.0/4.0 64.2 60.4 30.5 9.1 - - 0.32
1.0/5.0 66.3 575 338 8.7 - - 0.26

Ethanol 1.0/3.0 583 445 11.8 30.2 4.7 8.8 4.29
1.0/4.0 60.0 429 14.9 29.8 43 8.1 4.18
1.0/5.0 61.4 41.2 18.3 29.1 39 735 4.12
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Their work showed that of the three CH4:HO ratios (1:3, 1:4, 1:5), the 1:5 ratio produced the
least amount of carbon, suggesting that the increase in steam in the cell decreased the presence of

carbon in the cell (Laosiripojana and Assabumrungrat, 2007).

It is predicted that running the cell at higher current densities will decrease the presence of
carbon in the cell for two reasons. First, by increasing the current density, the partial pressure of
steam in the cell also increases because more hydrogen is being oxidized and generating water
according to equation 2 above. Kinetically, the oxidation of H, and CO occurs before the
oxidation of carbon, but Mermelstein et al. (2011) experimentally demonstrated that less carbon
deposition was found in the cell when running a cell on higher current density (Figure 16),

suggesting that the carbon can be oxidized as well (Mermelstein et al., 2011).
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Figure 16: Current required to suppress various amounts of carbon formation (Mermelstein et al.,
2011).
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Running a cell on high current density or under higher partial pressure of water has the potential
to promote to steam reforming and oxidization of carbon deposits, and thus decrease the amount

of carbon deposition in the cell.

2.3.3 Lack of Larger-Scale, Tubular SOFC Research with Biogas

Previous research has been conducted on the performance of SOFCs running on internally
reformed synthetic biogas; however, most of the research is done on small-scale planar button
cells that produce power on the milliwatt scale. For example, Shiratori et al. (2010) ran a 64 mm?
planar cell for 800 hours and produced approximately 100 milliwatts for the duration of the test

(Figure 17) (Shiratori et al., 2010).
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Figure 17: 800 hour button cell test (Shiratori et al., 2010).

Papadam et al. (2012) ran 60 mm? and 80 mm? planar cells for about 500 hours each and were
producing around 15 and 60 watts for each size cell, respectively (Figure 18) (Papadam et al.,

2012).
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Although both groups obtained results that show the potential of SOFCs operating on biogas,
button cell research is limited due to the smaller active area of the cell, as well as the lack of a
concentration gradient over the length of the cell (Standardization, n.d.), causing the results of
the button cell research to not be directly applicable to large-scale SOFCs that are used in

commercialized SOFC systems.
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Figure 18: a) 500 hour test for 60 mm? button cell, b) 500 hour test for 80 mm? button cell (Papadam et
al., 2012).

The Bloom Energy Server® is one of the few large-scale SOFC-biogas systems in the market
today. The system runs on natural gas or “directed biogas” and produces about 250 kW of power.
Apple has a data center in North Carolina that is currently running on this “Bloom Box,”
however, the biogas that the system is said to run on is really just pumped through natural gas
pipelines. This means that the system is running on mostly natural gas with small amounts of

biogas, not solely on biogas (Fitzsimmons, 2013).

In addition to the Bloom Energy system, there have been a few studies done on theoretical
analysis of large-scale biogas-SOFC systems. Mebarki et al. (2015) observed the effects of

temperature, electrolyte thickness, and hydrogen concentration on the power density of the
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SOFC. The biogas characteristics were calculated based on the biogas production at a landfill in
Batna, Algeria. The study assumed an efficiency for the SOFC system of 50%. The optimum
temperature, electrolyte thickness, and hydrogen concentration are 1273 K, 0.1 mm, and >0.5,
respectively. Although this theoretical study does consider large-scale systems, there is still a
lack of experimental data. In contrast to theoretical studies, experimental studies on large-scale
systems allow working through practical problems encountered with the system (Mebarki et al.,

2015).

Figure 19: Bloom Energy Server® at Apple's data center (Fehrenbacher, 2013).

The work performed in this research, therefore, aims to bridge the gap between the reported
experimental research on small milliwatt-scale SOFCs fed with biogas, and larger watt-scale

reactors that have the potential to be used in a commercially available SOFC system.
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3. Methodology

A schematic of the testing apparatus used for this study is shown in Figure 20, wherein the
tubular SOFC is enclosed on a tubular furnace and connected to various gas cylinders via mass
flow controllers as well as a load box and data acquisition system along with a MS for effluent

composition analysis.
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Figure 20: PFD for the biogas-SOFC system.

Throughout this study, Protonex’s tubular SOFCs were used. The SOFCs had an active area of
about 32 cm? with a length and diameter of 100mm and 10.2mm, respectively. The cells had a
NiYSZ anode (thickness of about 1mm), a ZrO; electrolyte (thickness of about 15um), and a
LSCF cathode (thickness of about 30-50um). The gases for the experiments were obtained from

Maine Oxy in the form of high-pressure gas bottles.
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The gas flow rate was controlled using Alicat Scientific mass flow controllers (model number:
MC-2SLPM-D/5M). Gases were mixed online before entering the fuel cell. For the experiments
where the gas was bubbled through water, a 500-mL flask was used as the water container. The
flask was sealed with a rubber stopper that had 2 monel tubes through it to allow for the gas to
enter and exit. The fuel cell rested in an insulated furnace equipped with K-type Omega
Thermocouples (model number: CHAL-020-24) to monitor and control temperature. Through
interconnects the SOFC was connected to an American Reliance, Inc. (AMREL) load bank
(model number: FEL 60-1) via which the electrical properties could be determined. The set-up of

the test stand is shown in Figure 21.

Load bank

Mass flow controllers

Figure 21: T-SOFC Test Stand Set-Up.

The load bank and mass flow controllers were both controlled using a data acquisition software
system developed in-house at Protonex. Some of the experiments required the use of mks

Spectra Products’s Cirrus™ mass spectrometer (MS) (Figure 22).
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Figure 22: mks Spectra Products Mass Spectrometer.

This MS was used in conjunction with mks’s Process Eye Professional software. The MS was

calibrated for H, and CO.

3.1 Effect of Biogas Composition on SOFC Performance

The first objective of this study was to determine how the composition of biogas affects the
performance of the cell. Biogas typically exits a biodigester at 50-75% CHy, 25-50% CO,, and
with trace amounts of H,O, N, H,, and H,S (Biogas, n.d.). For this study, the synthetic biogas
used consisted of only CH, and CO», although some of the experiments included some water
vapor as well. The total fuel flow rate was kept constant at 0.2 SLPM, but the ratio of CH, flow

to CO, flow rate was varied to attain a desired feed ratio.

The following CH,4:CO; ratios were studied: 40:60, 45:55, 50:50, 55:45, and 60:40. The 60:40
CH,4:CO, composition only ran for 45 minutes before breaking due to coke build-up, so even
though typical biogas composition is in that range, testing for this study was 40:60 — 55:45

CH,4:CO; ratio range. Work is currently being done on the effects of adding oxygen and steam to
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a more typical simulated biogas composition (60:40 CH,4:CQO) to drive down the methane

composition entering the cell, and maintain a high lifetime.

For this objective, the fuel utilization, i.e., the ratio of actual current applied to maximum
possible current density based on the amount of fuel, was maintained at a modest 50% to prevent
any issues due to a fuel utilization that was either too high or too low. For this objective, the fuel
utilization was calculated simply by determining the maximum current that would result if all of
the methane were converted to hydrogen, and taking 50% of that value. This calculation was
suitable for this experiment, but a more accurate calculation based on equilibrium conversion of

the reactants was used and described with Objective 2.

Once the SOFC was placed in the furnace, the cell was heated to 900°C with hydrogen flowing
through the cell. A temperature of 900°C was chosen due to the desire to maximize conversion
of CH4, and thus, minimize coking, as described in section 2.3.1. The temperature of the cell was
maintained at 900°C for 3 hours to reduce the nickel (I1) oxide on the anode to nickel under the
hydrogen atmosphere. Once the reducing procedure was complete, the cell ran under constant
current density for 1 hour so that a comparison could be made between the biogas results and the
hydrogen. Following the constant current density, polarization plot data was obtained for the cell
under hydrogen conditions. After the polarization plot, the inlet fuel transitioned from hydrogen
to simulated biogas. To allow for the cell to remain at 900°C, the hydrogen was not shut off until
the methane and carbon dioxide were flowing through the cell. Once the hydrogen was off, a
polarization plot was obtained under biogas conditions, and then the constant current density
conditions were set and the fuel cell run under these conditions for 150 hours to determine
stability and durability. The shut-down procedure involved cooling the cell while hydrogen
flowed through the cell. This procedure was used for each of the 5 CH,:CO;, ratios studied in this
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experiment. Figure 23 shows a screenshot of part of the data acquisition software procedure

written for this experiment.
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Figure 23: Universal Data Acquisition (UDA) Software Interface.

3.2 Effect of Fuel Utilization on SOFC Lifetime

The second objective was to determine how fuel utilization affected the performance of the cell.
The results of Objective 1 suggested that of the 5 CH4:CO;, ratios, a 45:55 CH4:CO, mixture had
the longest lifetime. Because of this finding, the 45:55 CH,4:CO, mixture was kept constant

throughout all experiments conducted under Objective 2.

Five different fuel utilization values were studied for this objective. The current densities
required to achieve the desired fuel utilization values were calculated using the equilibrium

constant of the reaction at 900°C.
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Due to the presence of Ni catalyst and the high operating temperature (900 °C), we can assume

that there is gas-phase reaction equilibrium in effect among the gas-phase species at the tube exit.

There are n = 6 species (CH4, CO,, CO, Hy, H,0, and C), and e = 3 elements. Thus, the number

of independent overall reactions (ORs) needed for a thermodynamic or kinetic analysis is 4 =n —

e = 3. Any set of 3 independent ORs would suffice for this purpose. Therefore, we may pick the

following set:

OR;:  CH,+ CO,=2C0+2H, AH? =+247 (kJmol) (DR)
ORy: H, + CO, = CO + H,0 AHS = +41 (kJ/mol)  (RWGS) (18)
OR3: 2C0=C0, +C AH? = +75 (kJ/mol)  (Coking)

From the standard thermodynamic data for these species at 298 K:

Species H?,og (kJ/mol) 51298 (J/moIK) G298 (kI/mol)
CH, -74.852 186.27 -50.836
H,O -241.818 188.72 -228.589
CO, -393.505 213.67 -394.384 (19)
CcoO -110.541 197.90 -137.277
H, 0 130.59 0
C 0 5.694 0
O, 0 205.00 0

Further assuming the species entropy and enthalpy of formation to be constant with temperature

and using AG3r = AHSr — TASJR, the standard Gibbs free energy of the above three ORs may
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be plotted as a function of temperature to determine their operating temperatures of feasibility,

i.e., when the AGjr < 0. An example of such a plot is provided (Figure 24).
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Figure 24: Gibbs free energy for the DR and RWGS reactions.

Further, from

AGS AS? AHj
Kor = exp (— R;)“R> = exp (— R70‘R> exp (— R;‘R) (20)
Wwe can write
Ko — K AHSg (1 1 ) 21
OR = RoR,298€XP RT \T 298 (21)

for the above three equations and writing these in terms of y1, y2, and g3, the equilibrium
conversions for the three ORs, the feed gas ratio, and the current drawn, one can solve for these
three independent nonlinear equations via root finding (e.g., Newton’s method, using Maple or
Mathematica, etc.). This would correspond to the exit conditions in the absence of current
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assuming reaction equilibrium is attained inside the SOFC tube, so that the exit gas composition

can be determined.

If C is neglected, only 2 equations are needed. Let us analyze this case first, as at any rate the

amount converted to C is small. Then from the above data for the DRR

AHZ, = 4+247.275 kJ/mol

AS?, = +257.04 J/mol-K (22)

AGY, = +170.669 kJ/mol
where A in the subscript refers to anode, and 1 alludes to OR;. In other words, the reaction is
highly endothermic and endergonic at room temperature, with the reaction equilibrium constant
being virtually zero for the DR reaction. Actually,

o
GA1,298

Kp1208 = €xp (— AT) = 1.25 x 1073°, However, at 900°C, the reaction becomes quite

exergonic owing to the change in Gibbs free energy with temperature, and K44 1173 = 257.75.

Similarly for the RWGSR, the standard Gibbs free energy and enthalpy of the reaction are given

by

AHS, = +41.146 kd/mol
AS?, = +42.36 J/mol-K (23)
AG2, = +28.518 kJ/mol

In other words, the reaction is endothermic and endergonic at room temperature, with the

. ce . AGS
reaction equilibrium constant being K, 205 = exp (— %) = 1.0 X 10~°. However, at

900°C, the reaction becomes exergonic, and K, 1173 = 2.40.
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With the equilibrium constants being determined at 900°C, the extents of the two reactions can
next be determined, from which the equilibrium gas composition can be determined as follows.

Recall that the molar flow rate n; of a species i in a flow reactor is related to the g independent

reaction extents ép = fV r,dV as follows (Fogler, 4" ed.)

q
R = 1y + Z Vo, (i=1,2,...n) (24)
p=1

Summing these over all species, the total molar flow rate

q
ny =nro| 1+ Xao Z Avyxp (25)
p=1

where y 4, is the feed mole fraction of the key reactant A (CH,), and the change in the number of

moles in reaction p, Av,, and the dimensionless reaction extent y,, are defined by the following

n :
. _$p
vp=vai Xp:m w=12,...,n) (26)
i=

where 1, , is the feed molar flow rate of the key reactant A (CHy).

Finally, the mole fraction of the species, x; = %
T

0; + ZZ=1 VpiXp

X =
1
ae o= 8%p (i=1,2,...,n) (27)

where the molar feed ratio of species i, O = :i
A0

47



This provides the following mole fractions for the five species participating in the two non-
electrocatalytic electrode reactions, namely the DRR and the RWGSR. Here Avpgrg = +2, and

Avgwes = 0, i.e., there is no change in the number of moles in the RWGSR.

_1+(Dn Oco, + (=D)x1 + (=L)x>
XcH, = ﬁ Xco, = 1 ,
+ +
XCH, 1 XCH,4,0 1
On,0 + (0)x1 + (+1)x; Oy, + (+2)x1 + (x> (28)
XH,0 = 1 XH, =
+2 +2
XCH,4,0 11 XCH,4,0 11

_Oco+ (+2)x1 + (+D)x2
Xco = 1

+2
XCH,,0 X1

These are substituted into the equilibrium constant mass action relations for the two reactions,

ie.,

2 .2
XC0o,eXH,.e K, = XC0,eXH,0,e

Ki = (29)

XCH4,eXC0O,.e XCH,,eXC0,.e
which may be solved simultaneously numerically via rootfinding (e.g., using Mathematica or

Polymath) to find the two equilibrium dimensionless extents y; . and x5 .

As an example, for the feed ratio, CH4:CO, = 45:55 and no water in the feed, 6o, = 55/45,
Ou,0 = On, = O¢o = 0 and xcy, o = 0.45, rootfinding provides the two equilibrium
dimensionless extents y; , = 0.9643 and y, . = 0.1722. When these are substituted into the

above relationships, the calculated equilibrium mole fractions are:

xCH4,e = 00086, xcoz,e = 00207, tzole = 00415, tzle = 04231, xCO’e = 0.5061.
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For this system, current is generated through the oxidation of both H, and CO. For this objective,
it was assumed that 100% fuel utilization meant that all of the available H, and CO were
oxidized to form H,O and CO,. The experiments performed for Objective 5 determine the actual

ratio of current produced from H, versus CO.

Equation 30 was used to calculate the current generated from the oxidation of all the H,
produced at equilibrium, and Equation 31 was used to calculate the current generated from the
oxidation of all the CO produced at equilibrium. The mole flow (ny,) was calculated using the

ideal gas law (ril = %) where pressure was considered atmospheric, 1 atm, and the for the case

of hydrogen, volumetric flow rate was calculated by multiplying the hydrogen composition, xy, ,

by the total volumetric flow rate, 0.2 SLPM.

ny
Loy, = ——— X 2 “XF 30
100%H, = g5 o= mol e (30)
Tléo _ (31)
L1000 = X 2 X F
100%,C0 = 50 gec mol e
The current at the desired fuel utilization, ly, , was calculated using equation 32 .
Iy, = Us X (L0091, *+ 100%,c0) (32)

Fuel utilization values of 36%, 50%, 63%, 76%, and 92% were chosen for study for this
objective. The respective current values are as follows: 7.24 A, 10.33 A, 12.92 A, 15.51 A, and
18.81 A. The reducing procedure and the constant current procedure described in Objective 1
were used for each fuel utilization condition tested in this objective, however, for the fuel
utilization experiments, the cells ran under constant current density for 250 hours each instead of

150 hours, as done for experiments in 3.1.
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3.3 Effect of Moisture in Feed on Cell Lifetime

The third objective of the study was to determine if adding water to the synthetic biogas mixture
improved the performance and/or lifetime of the cell. It was predicted that the increased partial
pressure of water would improve the cell performance due to a potential increase in steam
reforming of methane coupled with coke cleansing. The water was added to the mixture by

bubbling the CO, through a 2-L flask filled about half way with water at room temperature.

The humidified CO, was then mixed with the CH, and the CO,-CH,-H,0O mixture entered the
cell. To determine the composition of water in the mixture, the flask was weighed before and
after each run and the difference between those measurements was assumed to be the amount of
water that entered the cell over the amount of time recorded. The approximate composition for
all runs was 3 wt.% water. Another way to determine the composition of the water is by knowing
that the vapor pressure of water at room temperature should be equal to the composition of the
water in the gas stream. The vapor pressure of water at room temperature is about 0.03 atm.,

which confirms that the composition of water in the gas stream is about 3 wt.%.

The cell underwent the same procedure as described in Objective 1, where data was collected to
generate a polarization plot before and after running the cell for 250 hours at constant current
density. Two cells were run for this experiment, one operated at 50% fuel utilization and the

other operated at 76% fuel utilization.

3.4 Mass Spectrometry Analysis on the Outlet Gas of the Single-Cell SOFC

A mass spectrometer analysis of the effluent gas composition was needed in order to determine

the extent of the reactions occurring in the cell, as well as the ratio of the oxidation rate of H; to
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the oxidation rate of CO. This ratio was used to determine the actual values of the fuel

utilization.

The inlet capillary tube of the MS was fed through the outlet end of the fuel cell as shown in

Figure 25.

Figure 25: MS capillary in the outlet end of the fuel cell.

The fuel cell exit gas was passed through the MS and the partial pressure of each species was
recorded within mks’s Process Eye Professional software. The raw values recorded did not
consider the ionization probability of each species, so all of the partial pressure values were
further divided by their respective ionization probabilities as shown in Appendix A. After this
calculation, the mole fraction of the species was able to be calculated based on the new scaled

total pressure. To verify the calibration of the MS data thus acquired, a calibration curve was

generated by feeding a series of CO/H; blends at known concentrations through the MS. All the

data obtained in this objective was fit to this calibration curve (Figure 26).
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Figure 26: H, and CO MS calibration curve.
The MS was operated while a cell was running on 45:55 CH,4:CO, at OCV at 900°C in order to

determine the extent of the DR and RWGS reactions (Equation 15). The cell was reduced under
hydrogen conditions as explained in section 3.1, and then converted over to the CH, and CO,
blend. The cell was held at OCV under these conditions for 30 minutes to obtain steady data for

the equilibrium concentrations of the species.

As the current increased, the H, and CO were both oxidized to form H,O and CO,. To examine
the relationship between the species during oxidation, the MS was used to measure the
composition of each species at incremental current values. The cell load was held constant for 5
minutes at each current value to ensure equilibrium. The mole fractions of the species were

plotted against current to observe the reactions occurring during oxidation.
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3.4 Effects of 45:55 CH4:CO2 Fuel Through a 5-Cell SOFC Assembly

In addition to the single-cell testing, one test bay was retrofitted to run a pre-made 5-cell T-

SOFC assembly (Figure 27).

Figure 27: 5-Cell T-SOFC Assembly.

With a 5-cell stack, the total fuel flow rate through the cell was 1 SLPM. This flow rate was
consistent with the single-cell flow rate (0.2 SLPM x 5 cells = 1 SLPM). To maintain the 45:55
CH4:CO,, ratio with a total flow rate of 1 SLPM, the flow rates of CH, and CO, were 0.45 SLPM
and 0.55 SLPM, respectively. The reducing procedure for the cells was similar to that for the
single-cell test (section 2.1), however, the cells were reduced at 700°C instead of 900°C to
prevent the interconnects from melting while reducing the cells at OCV for 3 hours. Following
the reduction, a polarization plot was generated for the stack running under hydrogen. After that,
the temperature was brought up to 900°C and the fuel was changed from hydrogen to the 45:55

CH4:CO, mixture. Shortly after, a polarization plot was generated for the stack running on the
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synthetic biogas mixture, and then, to obtain lifetime information for the stack, it was allowed to

run for as long as it could before breaking, which turned out to be about 35 hours.
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4. Results and Discussion

4.1 Effect of Biogas Composition on SOFC Performance

The first objective was to determine how the composition of biogas affects the performance of
the SOFC. Five different CH4:CO- ratios were tested in addition to pure H, and CO. Figure 28
shows polarization curves for H2 and CO at 900°C. Figure 29 shows polarization curves for all
five biogas ratios, and for pure H, and CO all at 900°C. For the experiments with biogas, the
total fuel flow (CO, and CHj,) through the cell was 0.2 SLPM with air flowing over the cathode

at 2 SLPM. For the experiment with H, and CO, the fuel flow was set at 0.2 SLPM with air

flowing over the cathode at 2 SLPM.
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Figure 28: Polarization curve for H, and CO at 900°C.
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Figure 28: Polarization curves for 5 CH,4:CO, ratios and pure H, and CO.

According to Figure 29 there is a trend in the open circuit voltage (OCV) with respect to

CH,4:CO; ratio. In general, the greater CH4:CO;, ratio, the greater the OCV (shown in Figure 30).
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Figure 29: OCV Values for various CH,:CO, ratios.

The lifetime of a cell running on each CH,4:CO; ratio was tested by drawing constant current
density for 150 hours for each test (Figure 31). As predicted by the thermodynamic and Gibbs
free energy calculations, steady state operation at 700°C was not feasible due to short lifetime
(~20 minutes) (Figure 30). For this experiment at 700°C, voltage was held constant at 0.7 V and

the composition entering the cell was similar to that of actual biogas at 60:40 CH,4:CO..
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Figure 30: Lifetime plot for 60:40 CH,4:CO, at 700°C and 0.7 V.

As expected based on the polarization curve, the greater CH4:CO;, ratio, the greater the initial
power density, however, the rates of degradation for 55:45 and 50:50 CH,4:CO; ratios were
greater than those for the 45:55 and 40:60 CH,4:CO; ratios. Table 3 shows the degradation slopes

for each composition as well as the amount of time it would take for each cell to degrade by

10%.
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Figure 31: Lifetime plots for 4 CH,:CO, ratios.

Table 3: Lifetime data for 4 CH,:CO, ratios.

CH4:CO; Ratio | Slope | 10% Lifetime (h)
40:60 -0.0061 79
45:55 -0.0012 4797
50:50 -0.0069 103
55:45 -0.015 51

As shown by the noise in Figure 31, the performance of the 50:50 and 55:45 CH,:CO, ratios was
poor after about 30 hours, but the initial power was the highest for the 50:50 and 55:45 CH,4:CO,
ratios. The 45:55 CH,4:CO, ratio shows more stable operation than the higher ratios, but the
initial power is lower. Somewhat unexpectedly, the 40:60 CH,4:CO;, ratio also shows a steep

degradation slope, and a fair amount of noise after about 40 hours of operation.
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Table 3 shows the degradation slopes of each ratio, as well as the amount of time before the cell
would degrade by 10%, a number indicative of the point at which there would be operational
difficulties with a system. Although the 45:55 CH,4:CO, ratio did not produce the highest power,
it had the smallest degradation slope, and thus, the longest 10% lifetime at almost 5,000 hours.
Despite the high power produced with the 55:45 CH,:CO; ratio, this ratio showed the largest

degradation slope, and thus the shortest 10% lifetime at only 50 hours.

As shown in Figure 29, the performance of pure H, was better than the performance of pure CO
at 900°C. At the higher CH,4:CO; ratios there is excess CH,4 that has not been converted via the
dry reforming reaction, and at lower CH,4:CO ratios there is excess CO that has not been
converted. When there is excess CH,, the CH,4 undergoes pyrolysis producing carbon and

additional H,

CH, = C+ 2H, (33)
As explained in section 2.3.1, carbon is detrimental to the performance of the cell. The additional
H, produced from in this reaction could partly explain the high initial power and short-term
performance of the higher CH,4:CO;, ratios, but the carbon produced in the reaction could be the

cause of the short lifetime of the higher CH,4:COx, ratios.

The 40:60 CH,4:CO; ratio has excess CO,, which is likely to produce CO via the water gas shift

reaction

CO, + H, = CO + H,0 (34)
According to Figure 29, pure CO does not perform as well as pure H,. Because the CO does not
perform as well as Hy, the initial power value for the lower CH,4:CO; ratio (excess CO, that

forms CO) was lower than those for higher CH4:CO; ratios (excess CH, that forms Hy). In
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addition, when the CO forms from CO,, there is no carbon formation unlike when CH,
decomposes into carbon and H,. The lack of carbon formation causes a longer lifetime for lower

CH4:CO; ratios compared to higher CH4:CO,, ratios as shown in Figure 31 and Table 3.

When the CH4:COx, ratio is almost 1 as with the 45:55 CH,4:CO; ratio, the conversion of both
species via the dry reforming reaction is almost maximized. Unlike the stoichiometric 50:50
CH4:CO; ratio, the 45:55 CH,4:CO; ratio was superior in ensuring that there was little
unconverted methane left to form coke, as discussed in the thermodynamic analysis discussion in
Chpater 3. Further, it allows some room for mass flow controller calibration error or incomplete
mixing between the species because with the 50:50 CH4:CO; ratio, any slight excess methane
would result in carbon deposition. On the other hand, slight excess CO, only reduces power and

does not cause any detrimental coking in the cell.

Typically, biogas that exits a biodigester is not a 50:50 CH,4:CO, mixture, but rather a 60:40
CH4:CO, mixture. Future research aims to test the effects of adding oxygen and water vapor to a
more typical simulated biogas composition (60:40 CH,4:CO,) to reduce the methane composition

entering the cell down toward the desirable 45:55 CH4:CO, and maintain the higher lifetime.

4.2 Effect of Fuel Utilization on SOFC Lifetime

The second objective was to determine the effect of fuel utilization on the lifetime of the cells.
When varying fuel utilization, the 45:55 CH,4:CO, feed ratio was held constant due to its high
lifetime as explained in 4.1. The fuel utilization was set at 35%, 50%, 63%, 76% and 92% for 5
different cells and each cell was run for 250 hours, unless cell failure occurred earlier. Figure 32

shows how the lifetime of a cell running at each fuel utilization was affected by time.
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Figure 32: Lifetime plots for five different fuel utilizations.

The 35% and 50% utilization curves show noise beginning around 100 hrs and 200 hours,
respectively. Although the exact cause of this noise is unknown, it is predicted that this noise
originates from the presence of coke on the anode, causing inconsistencies with electron transfer
and cracks in the electrolyte. The 63%, 76%, and 92% fuel utilization curves are much more
stable, indicating a lack of coke formation under those conditions. Under the hypothesis that
coke results primarily from any unconverted methane, it could be rationalized that lower
utilization means more unconverted methane leading to more coking and shorter lifetimes. It is
also conceivable that at higher fuel utilizations, there is a higher partial pressure of water in the

reactor, which helps to flush out any coke there is out of the reactor by reacting with the carbon
H,0+ C=CO + H, (35)
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The cell running at 76% utilization demonstrated a minimal rate of degradation. Figure 33 shows

the polarization plot for the cell running at 76% fuel utilization before and after the cell ran for

250 hours.
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Figure 33: Polarization curve for before and after 250 hours of operation at 76% fuel utilization.

Clearly, there is minimal difference between the two plots, indicating that there was no
significant amount of coking occurring in the cell running at 76% fuel utilization and a 45:55
CH4:CO;, ratio for 250 hours. Thus, higher utilizations are desirable to extend the life of the fuel

cell.

4.3 Effect of Moisture in Feed on Cell Lifetime
The third objective was to determine the effects of water addition in the feed on the lifetime of

the cells. To determine if a humidified feed improved the lifetime of the cell, 4 cells were run for
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250 hours at a constant current density and with the 45:55 CH,4:CO, ratio. Two of the cells ran at
15.51 A, which corresponded to 76% U; humidified and unhumidified, and the other two cells
ran at 10.33 A (50% Us) humidified and unhumidified. As shown in Figure 34, the water addition
had no effect on the degradation rate of the higher fuel utilization run, but did improve the

degradation rate of the lower utilization run.
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Figure 34: Degradation rates for cells running with and without water at different utilizations.

There is little difference between the humidified and unhumidified cells at the higher utilization
and current density. This is likely due to the fact that at this higher utilization and current density
there is less unconverted methane to form coke and there is more water produced via the
oxidation of hydrogen than at the lower current density, so that adding more water to the stream
does not significantly affect the performance of the cell. At the lower utilization and current

density, however, the failure that occurred without water was likely due to coking caused by a
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higher level of unconverted methane. The water addition obviously reduced coking and
degradation, as suggested by the more stable operation. An increase in the amount of water in the
cell appears to decreases the risk cell failure due to carbon deposition. This is consistent with the
notion that at lower fuel utilization when there is higher coke formation rate (Figure 32), water

has a beneficial effect on reduced coking via the cleansing reaction indicated in Eg. (35).

4.4 Mass Spectrometry Analysis on the Outlet Gas of the Single-Cell SOFC

The fourth objective was to analyze the outlet gas composition of a single-cell SOFC running on
biogas under different operating conditions. This analysis was performed when the cell running
on 45:55 CH,4:CO; at 900°C was under both OCV and under a load. Figure 35 shows how the
composition of each species changes as the load increases. The cell was held at each current
value for five minutes to ensure steady-state. The changes in mole fraction of each of the species
was expected except for that of methane. A potential reason for the mole fraction of methane
increasing as the load increased is because the gas cooled slightly as it passed through the
capillary tube into the mass spectrometer (the capillary was heated to 100C). This may have

caused the CO, and H, to reform CH, as the amount of CO, increased.
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Figure 35: Change in composition of species for incremental current values.

When the current was 0, the cell was under OCV, and all reactions (dry reforming and reverse
water gas shift) were presumably at DR and RWGS equilibrium. According to the
thermodynamic analysis presented in section 3.2, the compositions of each species at

OCV/equilibrium are as follows:
Xch, e = 0.0086; xco, e = 0.0207; xyy,0, = 0.0415; xy_, = 0.4231; x¢o . = 0.5061,

These values are similar to the values shown in Figure 35 at OCV, but they are not identical. For
example, the measured CO mole fraction is about 0.02 less than the theoretical, and the measured
CO; and H,O mole fractions are about 0.03 more than the theoretical. For the theoretical
analysis, the enthalpy of the reactions (AHgg) was assumed to be constant with temperature,
which could explain the difference between theoretical and measured OCV/equilibrium values

because in reality, the enthalpy is a function of temperature.
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T
AHY = AHZq + f AC,dT (36)

Tz98

The Gibbs free energy of the methane decomposition and the Boudouard reactions are provided

as functions of temperature in equations 37 and 38 below, respectively (Ginsburg et al., 2005).

291405.7
AG°® = 58886.79 + 270.55T + 0.0311T2 — (3.00 % 10‘6)T3 + —
T (37)
— 54.598T In(T)
,  828509.9 (38)
AG° = —188030.19 + 402.82T + 0.00524T~ + T — 32.026T In(T)

As discussed in Chapter 2 and shown in Figure 36, the oxidation of both H, and CO generate
power. Due to the slightly larger rate of oxidation of H, than CO, the total power generated

comes slightly more from H, than CO.
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Figure 36: H, and CO composition and respective and total power generation for incremental current

values.

The MS was calibrated before running the experiment, however, there are many factors in the
testing apparatus that could cause errors. Due to this concern, all H, and CO mole fractions

obtained in the MS analysis were fitted to the calibration curve shown in Figure 26.

4.5 Effects of 45:55 CH4:CO2 Fuel Through a 5-Cell SOFC Assembly

The fifth objective was to operate a 5-cell SOFC stack on the biogas conditions proven to be
successful thus far. These conditions were 45:55 CH,4:CO, and 76% fuel utilization at 900°C.

Figure 37 shows a polarization curve for the 5-cell stack running on these conditions.
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Figure 37: Polarization curve for 5-cell stack on biogas.

As shown in Figure 37, the 5-cell stack achieved a power of about 52 watts. If there were no
losses throughout the stack, the power simply be the product of the number of cells and the
power each cell produces. If, according to previous results (Figure 32), each cell is assumed to
produce 12 watts, a 5-cell stack with no additional losses would produce a power of 60 watts.
The slightly lower power produced in the stack is reasonable, and indicates that scaling up this

SOFC system fed by biogas to eventually become a larger-scale, commercialized unit is entirely

feasible.
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5. Conclusions and Commercialization Potential

5.1 Conclusions

When looking at the results of the single-cell and 5-cell testing, it is clear that synthetic biogas
can be fed through an SOFC to generate electricity. The most successful operating conditions
were an operating temperature of 900°C, a biogas composition of 45:55 CH,4:CO; and a high fuel
utilization, at or above 76%. Under these conditions, the cell produced high power (12 watts per
cell), and demonstrated long lifetime (estimated as about 7,000 hours before 10% degradation). It
was also observed that adding water to the feed improved the lifetime of the SOFC operating at a
low fuel utilization (50%). The mass spectrometer analysis confirmed the theoretical
thermodynamic analysis due to the species’ concentrations shown at OCV, and the relationship
between the H, and CO concentrations and the current being drawn. The scaled-up 5-cell stack
operating under 45:55 CH,4:CO, and 900°C achieved a power of about 52 watts, suggesting that

scaled-up units for practical applications have potential.

Based on the results obtained in this study, a 25-cell SOFC stack running on biogas under the
conditions specified above has the potential to produce about 200 watts assuming the stack
would experience about 30% losses. If the lifetime of the system was assumed to be about
10,000 hours, the energy rating for a 25-cell SOFC stack running on biogas would be 2,000

kWh.

5.2 Commercialization Potential
As discussed in Section 2.2, biogas infrastructure is readily available in many rural and
developing countries around the world, and is currently used for cooking and heating. An SOFC

would utilize the current infrastructure, but also introduce a clean and convenient way to
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generate electricity. A small school in a village in Chhattisgarh, India uses about 465 kWh of
electricity per year (Sen and Bhattacharyya, 2014). If the 2,000 kWh 25-cell biogas SOFC were
to be utilized by the school, there are three implementation scenarios that have potential to be

successful.

The first scenario would be to utilize solely the SOFC system. This would be the simplest model,
as it capitalizes on the current infrastructure available, biogas. For this model, the SOFC would
run constantly on about 7.5 m® of biogas per day until the point at which cell degradation causes
poor SOFC performance. According to the results from this study, and assuming a maximum
constant load of 54 watts for 10,000 hours, this would allow for a 14-18 month lifetime of the
system. On average, this would generate a constant power supply to provide adequate electricity

for the school’s current needs for 14-18 months.

The second scenario would be to create an SOFC-battery hybrid system. Adding the battery to
the system would allow for the energy produced in the SOFC to be stored in the battery for later
use, allowing it to run under steady conditions despite varying demand during the day. Storing
the energy could extend the lifetime of the SOFC to be longer than 14-18 months because it
would be operating at a lower power density under stable conditions than under varying
conditions throughout the day as the demand varies. If the school uses 465 kWh per year, the
daily energy consumption is 1.6 kWh per day. The SOFC would thus only need to run for 6.5
hours each day to generate this much electricity. After the SOFC runs for 6.5 hours, it could be
turned off until the battery needs recharging. This model could extend the lifetime of the SOFC
to be about 4 years. However, in reality, there is a tradeoff between lifetime and cycling, which
generally leads to faster degradation. With the SOFC being turned on and off every time the

battery needs recharging, there is a great deal of mechanical stress on the cells and the system.
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This would potentially require the SOFC to undergo cycling maintenance every 500 hours or so,

but the overall lifetime of the SOFC in an SOFC-battery hybrid system could be greater than that
of solely an SOFC system. On the other hand, an alternate way to extend the life is for the cell to
operate steadily under a lower load, or alternately the cost of the unit could be decreased by

utilizing a smaller unit.

The third scenario would be to implement a solar-SOFC-battery hybrid system. This system
would first utilize a solar panel when the conditions are appropriate (i.e., sunlight), and then,
when the conditions are not ideal for the solar panel, the system would tap into the energy stored
in the battery from the SOFC. The SOFC-battery system would be similar to that explained
above in that the SOFC would run for about 6.5 hours per day to charge the battery, but because
the solar panel is also present and assumed to be utilizable 25% of the uptime of the school, the
SOFC lifetime now extends to about 5 years. Alternately, again a smaller SOFC unit would

suffice.

An economic analysis for each scenario would be needed to determine the most cost effective
way to balance the lifetime and cycling maintenance of the SOFC with the capital, operational,
and total costs. On the consumer end, if the system were to be large enough, a utility model
where a community or non-governmental organization rents or purchases the system at a fixed

cost would allow residents to pay a marginal amount for a clean form of electricity.

5.3 Recommendations for Future Work

The next step in the work would be to obtain actual biogas samples from a local digester. These
samples could be analyzed to determine their gas composition, and then fed through a sulfur

filter to filter out the H,S and any other impurities that could harm the SOFC. If the composition
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of water in the sample is not significant, water could be added to the sample to improve the

lifetime, as shown in Figure 34 above.

To potentially decrease the cost associated with a 25-cell stack system, the biogas could be
heated to 900°C externally, allowing the SOFC itself to run on the H, and CO at 700°C instead
of 900°C. This process could be designed and tested with single cells to determine its feasibility

compared to operating the SOFC at 900°C.

More scale-up testing could be completed with synthetic biogas. Lifetime data could be obtained
with the 5-cell stack, especially a fuel utilization and water addition versus lifetime matrix,
similar to the single-cell tests explained in sections 4.2 and 4.3. Once operating conditions are
optimized for synthetic biogas in the 5-cell stack, actual biogas samples could be tested in the 5-
cell stack with the sulfur filter. A 25-cell stack could then be tested with both synthetic biogas

and an actual biogas sample to provide data for a unit with potential for commercialization.
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Appendices

Appendix A

The ionization probability was used in conjunction with the mass spectrometer to calculate the
partial pressures of each gas species exiting the cell.

Page 2
IONIZATION PROBABILITY
SUBSTANCE FORMULA RELATIVE JONIZATION SUBSTANCE FORMULA RELATIVE IONIZATION
GAUGE SENSITIVITY GAUGE SENSITIVITY
Signal/Signal Nitrogen Signal/Signai Nitrogen
Aceone (CH),CO 38 Onypen 0, 1
Air 1.0 n-Pentane CH,, 5
Ammonia NH, 1.3 Pheend CH.0H 62
Argon Ar 1.2 Phosgi PH, 25
Benzene CH, 5.8 Progane CH, a7
Benzoic acid C H,CO0H 5.5 Silver perchlorate A0, 36
Bromine Br 38 Stannic iodide sai, 67
Butane CH, 4.8 Sultur Gaxide S0, 21
Carbon diaxide co, 1.4 P — s, 23
Carbon disulfide CS, 4.8 cCl, 6
Carbon monoxide CO 1.05 Toluene CH,CH, 68
Chiloroberzene CHCI 7.0 oHel, 15
Chioroethane CHCI 40 Triestrod G0y, 3
Chicrometane CH.CI 3.1 Waer HO 1
Cydohexylene CH,. 6.4 Yooom e 3
Deuterium D, 0.35 Yylene CH CHY, 75
Dichlorofioromethane CCLF, 2.7
Dichlaromethane [ 37
Dinitrobenzens CHNO,), 7.8
Ethane CH, 28
Ethanol CH,OH 38
Ethylene Oxide (CH),0 25
Helium He 0.14
Hexiane CH,, 6.6
Hydragen H, 0.44
Hydrogen chioride HCI 16
Hydrogen Buaride HF 14
Hydragen iodide Hi 3.1
Hydrogen sulfide H,S 2.2
Kryptan Kr 1.7
Lithium L 1.8
Methane CH, 16
Methanol CH,0H 1.8
Neon Ne 0.23
Nitrogen N, 1.0
Nitric cxide NO 1.2
Nitrous oxide N.O 1.7
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Appendix B

A procedure was written into the Universal Data Acquisition (UDA) Software as shown below.

=, Running - C:\UDA DatatlS 044 Bay 4\CourtneyiConfig Files\MOPACO IV 900. dat
File  Action Schedule Help

A== Yer W OI=R,

[on] Variable Value Graph Logging Register Value

CellTemp aid [control]) 22.1179107... on REGOD 0
Inlet Temp ai3 22.4058692... on neal :
Outlet temp ai2 23.9028131... oh REG3 0
[] OwY Sense 1.75680927... oh REG4 0
[] Inv Sense 1.57166828... on REGS 0
Load Voltage Sense 0 on REGE 0
Load Current 0 onh REG7 0
REGS 0
[] Duty Cycle 0 on REGY 0
[ &node N2 Flow 1] on REG10 i]
[] &node H2 Flow 0 on REG11 0
[[] Cathode Flow 0 on :Egg g
Cell Power 0 on
REG14 0
[[] Anode CO2 Flow 0 on REG15 0
[] Anode CH4 Flow 0 on
< R
MName Tag Details
NiDagDevicel Dev3 Ok
AlicatFlowGroupl COmM1 Ok
AmrelLoad2 COM3 Ok
BasicPIDLoop3 Out: 0%, Scaled:0
Timerd 0[0]
7I—d“ Device Dperation T}me [... SchguTevfa; .; Ec;?_ﬁ
1 AlicatFlowGroupl Set Fized Flow(Nitrogen (&), 0.1] 0
2 Delay 1
3 AlicatFlowGroupl Set Fized Flow[Hydrogen (B), 0.1] 0
4 AlicatFlowGroupl Set Fized Flow([Cathode (C), 2) 0 e
5 Delay 15 1
B BasicPIDLoop3 Start() 0
7 BasicPIDLoop3 Update Set Point[300] 0
8 NiDagDevicel Wait (Temp 4 (aid]] > 897 0
9 Delay 180
10 Amrelload2 Send String Command(utilrange 1) 0 2
11 Amrelload2 Run ¥Vl Curve[0.65, 25, 0.2, 0] 0 2
12 Amrelload2 Turn Load OFF() 0
13 Amrelload2 Turn ON CC Load(18.09) 0 3
14 - Delay 60 3
15 Amrelload2 Turn Load OFF() 0
16 Amrelload2 Run ¥l Curvel0.65. 25.0.2. 0 0 4 ¥
< | >
Time leftin step (min]: C:\Program Files\Protonex\Universal Data Acquire

79



=, Running - C:\UDA DatatlS 044 Bay 4\Courtney\Config FilestOPACO IV 900. dat

File  Action Schedule Help
iRloEHd @O en Bt
[on] Yariable Value Graph Logging Reaqister Value
CellTemp aid (control) 22.3823664... on REGD 0
Inlet Temp ai3 21.9889736... on neal ;
Outlet temp ai2 23.4145165... on REG3 0
[] OutV Sense 1.75230326... oh REG4 0
[] Inv Sense 1.57262211... oh REGSH 0
Load Voltage Sense 0 on REGE 0
Load Current 0 oh REG7 0
REGS 0
D Duty C_',’CIB 0 on REGS 0
[] &node N2 Flow 0 oh REG10 0
[] &node H2 Flow 1] on REGT1 0
[] Cathode Flow 0 oh EEEE g
Cell Power 0 on
REG14 0
[] &node CO2 Flow 0 oh REG15 0
[] Anode CH4 Flow 0 on
< >
MName Tag Details |
NiDagDevicel Dev3 Ok
AlicatFlowGroupl COmM1 Ok
AmrelLoad2 COM3 Ok
BasicPIDLoop3 Out: 0%, Scaled:0
Timerd 0[0]
MI;d Device Operation Tihe B2 S;:Egug?ag /Col ﬁﬂ
11 Amrelload2 Run VI Curve[0.65, 25, 0.2, 0] 0 2
12 Amrelload2 Turn Load OFF() 0
13 Amrelload2 Turn ON CC Load(18.09) 0 3
14 - Delay 60 3
15 Amrelload2 Turn Load OFF() 0
16 Amrelload2 Runl Curve[0.65, 25, 0.2, 0) 0 4 —
17 Amrelload2 Turn Load OFF() 0
18 - Delay 30
19  AlicatFlowGroupl Set Fized Flow(Methane [E], 0.09) 0
20 AlicatFlowGroupl Set Fized Flow(Carbon Dioxide (D), 0.11) 0
21 AlicatFlowGroup1 Set Fixed Flow[Hydrogen (B), 0) 0
22 AlicatFlowGroupl Set Fized Flow(Nitrogen (&), 0] 0
23 AlicatFlowGroupl Set Fized Flow([Cathode [C), 2] 0
24 - Delay 15
25 Amrelload2 Run I Curve[0.7, 25, 0.2, 0] 0 5
26 Amrelload2 Turn Load OFF( 0 N
< ‘ ) >
. . . a1t oY
B Time leftin 5 1rning - C:\UDA Data\Ts 044 Bay 4\Courtney\Config Files\MQPICC




=, Running - C:3UDA DatatlS 044 Bay 4\CourtneyiConfig Files\MOPACO IV 900. dat

File  Action Schedule Help

RS H @O eNn BT

[on] Variable Value Graph Logaing Register Value
CellTemp aid (control] 22.4815373... on REGO 0
Inlet Temp i3 22.0219950... on Egg; g
Outlet temp ai2 23.4972786... onh REG3 0
[] DutV Sense 1.75138232... on REG4 0
[] Inv Sense 1.57243085... on REGSH 0
Load Voltage Sense 0 LTIV oh REGE 0
Load Current 0 on REGY o
REGS 0
D Duty C}'CIB 0 on REGS 0
[] &node N2 Flow 0 oh REG10 0
[] Anode H2 Flow 1] on REG11 0
[] Cathode Flow 0 onh Eggg g
Cell Power 0 oh REG14 0
[[] Anode CO2 Flow 0 on REG15 0
[] Anode CH4 Flow 0 on
< ?
Name Tag Details
NiDagDevicel Dev3 Ok
AlicatFlowGroupl COmM1 Ok
AmrelLoad2 COM3 Ok
BasicPIDLoop3 Out: 0%, Scaled:0
Timerd 0[0]
#E Device Operation Ti; [... Q;uTe_Ta; .; EEA
26 Amrelload2 Turh Load OFF() 0
27 Amrelload2 Tum ON CC Load(18.09) 0 B
28 - Loop [forever] B
29 Timerd If Malue] > 300572 0 6
an - Break Out B
1 I End If 6
32 Amrelload2 If (Power] < 1.65 0 6
33 - Goto Tag: 5 B
K EndIf 6
3B - End Loop 6 R
36 Amrelload2 Turmn Load OFF() 0
37 Amrelload2 Run ¥l Curve[0.7, 25, 0.2, 0] 0 7
38 Amrelload2 Turmn Load OFF() 0
39 - Delay 30
40 AlicatFlowGroupl Set Fized Flow(Nitrogen (&), 0.1] 0
4 Delav 1 . N
£ | >
[ Start iclick hereito beai.n ii At I Time left in step [(min);




— Running - C:3\UDA DatalTS 044 Bay 4\Courtney\Config Files\MOPACO IV 900. dat
File — Action  Schedule Help

B deOen Bt

[on] Yariable Value Graph Logging Reaister Value
CellTemp aid [control) 22.0972501... on REGD 0
Inlet Temp ai3 22.2696558... on Egg; g
Outlet temp ai2 23.6007313... on REG3 0
[] Ouy Sense 1.75243482... on REG4 0
[] InV Sense 1.57203008... on REGH 0
Load Voltage Sense 0 on REGE 0
Load Current 0 oh REG? 0
REGS 0
[] Duty Cycle 0 on REGY 0
[] &node N2 Flow 0 on REG10 0
[] Anode H2 Flow 0 on REG11 0
[] Cathode Flow 0 on Egglg g
Cell Power 0 on
REG14 0
[] &node CO2 Flow 0 oh REG15 0
[] Anode CH4 Flow 0 on
8 2
Name Tag Details
NiDaqDevicel Dev3 Ok
AlicatFlowGroupl COmM1 Ok
AmrelLoad2 COM3 Ok
BasicPIDLoop3 QOut: 0%, Scaled:0
Timer4 00
' 1d Device ~ Operon  Time(. ScheduleTag/Ca®
41 - Delay 1
42 AlicatFlowGroupl Set Fized Flow[Hydrogen (B), 0.1) 0
43 AlicatFlowGroupl Set Fized Flow(Methane [E]. 0] 0
44 AlicatFlowGroupl Set Fixed Flow[Carbon Dioxide (D), 0] 0
45  AlicatFlowGroupl Set Fized Flow(Cathode (C), 2) 0
6 - Delay 15
47 Amrelload2 Run ¥l Curve[0.65, 25, 0.2, 0) 0 8
48  Amrelload2 Turn Load OFF() 0
43 Amrelload2 Turm ON CC Load(18.09) 0 9
50 - Delay 60 9
51 Amrelload2 Turn Load OFF() 0
52  AmrelLoad2 Run | Curve[0.65, 25, 0.2, 0) 0 10
53 - Tag: 5 =
54  Amrelload2 Turh Load OFF() 0
55 - Delay 30
56  BasicPIDLoop3 Stooll 0 \1 1 5t
>

< :
Stop Time left in step [min):




= Running - C:\UDA DatallS 044 Bay 4\Courtney\Config Files\MOPACO IV 900. dat

File  Action Schedule Help
(G d @O e N Bt
[on] Yariable Value Graph Logging Register Value
CellTemp aid [control) 22.0889858... oh REGD 0
Inlet Temp ai3 22.3563371... on EEE‘Z g
Outlet temp ai2 23.7455650... oh REG3 0
[] Outv Sense 1.75296107... on REG4 0
[] Inv Sense 1.57124071... on REGS 0
Load Voltage Sense 0 / on REGE 0
Load Current 0 on REGY o
REGS 0
D DUt}' C_',JCIB 0 on REGS 0
[] &node N2 Flow 1] on REG10 0
[] Anode H2 Flow 0 on REG11 0
[] cathode Flow 0 oh Egglg g
Cell Power 0 on REG14 0
[[] Anode CO2 Flow 0 on REG15 0
[] Anode CH4 Flow 0 on
b3l 2
Mame Tag Details
NiDaqgDevicel Dev3 Ok
AlicatFlowGroupl COmM1 Ok
AmrelLoad2 COM3 Ok
BasicPIDLoop3 Out: 0%, Scaled:0
Timerd 0[0]
Id  Device Operation Time [... Schedule Tag / Col
43 Amrelload2 Turm ON CC Load(18.09) 0 9
50 - Delay 60 9
51 Amrelload2 Tumn Load OFF() 0
52  Amrelload2 Run I Curve[0.65, 25, 0.2, 0) 0 10
53 - Tag: 5
54 Amrelload2 Turn Load OFF() 0
55 - Delay 30
56  BasicPIDLoop3 Stop() 0 11
57  NiDagDevicel Wait [Temp 4 [aid]] < 100 0 ik
58  AlicatFlowGroupl Set Fixed Flow[Methane (E). 0] 0
59  AlicatFlowGroupl Set Fixed Flow[Carbon Dioxide (D), 0] 0
60  AlicatFlowGroupl Set Fized Flow[Nitrogen [4), 0] 0
61  AlicatFlowGroupl Set Fixed Flow[Hydrogen (B), 0) 0
62 NiDagDevicel Set Output(Safety [portl/line0), 0] 0 12
B3 - Stop Polling and Script 12 =
< ‘ J ¥
Time left in step [min:




Appendix C

The standard enthalpy and entropy values for each of the species analyzed in this work were

gathered from the table below.

Standand Enthalpies of Formation & Standard Entropies of Common Compounds

Substance State AHj

(&)
Ag s 0
Agt aq 105.79
AgCl s —127.01
AgBr s —100.4
AgNO; s —-1244
Al s 0
A+ ag —538.4
AlCl, s —-704
Al Oq4 s —1675.7
Ba s 0
BaCla s —858.6
BaCOy s —1216.3
Ba(NOg), s —-092
BaO s —=003.5
Ba(OH), s —098.2
BaS0y s —1473.2
Br: { 0
C s 0
ccl, -
CHCly ¢ —1345
CH, z —T48
CaHa £ +226.7
CaHy £ +52.3
C2Hg g —84.7
CgHy g —1038
CH,OH ¢ —2387
C,H0H ¢ 2777
O £ —110.53
CO2 £ —-393.51
ot aqg —675.23
Ca s 0
Cat? aq  —543.0
CaCl, s —705.8
CaCOy s —1206.9
a0 s —634.92
Ca(OH)2 s —086.1
CaSO, s —1434.1
Cd s 0
Cd+? ag —75.92
CdCla s —-391.5
CdO s —2068.35

g
(Ex)
126
727
96.2
107.1
140.9
283
—-321.7
110.7
50.9
62.8
123.7
11211
214
T0.4
112
132.2
152.2
5.7
216.4
201.7
186.2
200.8
219.5
229.5
269.9
126.8
160.7
197.6
213.6
—-56.9
414
-53.1
104.6
92.9
39.8
834
106.7
51.8
-73.2
115.3
A8

Substance State AH;

(L)
Cl = 0
cr aq  —167.080
o~ aq  —128.10
Cr 5 0
Cra03 £ —-1130.7
Cu s 0
Cu* aq +7L.7
Cu*? aq +61.8
CuO s —157.3
Cuz0) 5 —168.6
CusS s -53.1
CuzS 5 —-79.5
CuSO, 5 7714
F- aq  —335.35
Fa = 0
Fe s 0
Fe(OH)s s —823.0
FeaOg 5 —821.2
FegOy § —1118.4
H, g 0
H* aq 0
HBr g —36.20
HCO,™ aq  —639.93
HCL g —92.31
HF z —273.30
HI £ 26.50
HNO, 3 —-171.1
HPO,™ aq  —1200.0
HSO,~ aq —886.9
Ha0O (3 —285.830
H,O £ —241.826
H,PO,~  aq  —13026
HQS g —-20.6
Hg 3 0
Hg*? aq 170.21
HgO cr.red —H.79

*The standard entropy of the H*{ag) ion is defined to be 0.

s°
(=tx)
2230
182.0
238
81.2
332
10.6
-90.6
126
93.1
6.5
120.9
107.6
—-138
202.7
273
106.7
874
1464
130.6
0.0°
198.6
912
186.8
173.7
206.5
155.6
=335
131.8
699
188.7
0.4
205.7
76.0
322
703

84



Substance State AHE e
(&) (FZ%
- aq  —56.18 1113
I2 s 0 1161
K s 0 64.2
K+ aq —25214 1025
KBr s —393.8 95.9
KCl s —436.7 82.6
KClOy s —397.7 1431
KCIO4 s —4328 151.0
KNO; s —49.6 133.0
Mg s 0 327
Mgt? ag —d67.0 -138.1
MgCl, s —G413 896
MgCOs s —10958  65.7
MgO s —60160 269
Mg(OH)2 s —9214.5 63.2
MgSO, s —12819 916
Mn s 0 32.0
Mn*? aqg —2208 -T736
MnO s —385.2 59.7
MnO: s —=520.0 53.0
Na g 0 1915
NHg z —45.M 1923
NH* ag  —133.26 1134
NO,~ aqg  —1046 1230
NO4~ aq —206.8 1464
NaHy 3 +350.6 121.2
NH,Cl1 s -3144 946
NHNO; s —365.6 1511
NO '3 +90.2 210.7
NO, g +332 2400
N,O, g +92 3042
Na s 0 51.2
Nat aq —=240.34 59.0
NaCl s —411.2 721
NaF s =0736 51.5
NaOH s 4256 64.5

Substance State A:l’ 7 S:
(z1) =%
Ni s 0 29.9
NiO s -230.7 380
OH- ag  —230015 —108
02 g 0 2“5.0
P, s 0 1644
PCly g —2870 3117
PCls £ —3749 3645
PO aqg -12774 —222
Ph s 0 648
Ph+2 aq 0.92 10.5
PbBr, s —2787 1615
PhCl, s -3394 1360
PhO s —2190 665
PhOa s —2774 686
S s 0 318
50, g —206.81 2481
SOy £ —3057  256.7
SO, aqg —900.34 20.1
Sa” ag +331 -146
Si s 0 188
Si02 s —910.7 418
Sn s 0 516
Snt? ag -89 -174
Sn0), s —077.63 52.3
Zn s 0 41.6
Zn*? aqg —153.39 -1121
Znly s —2080 1611
Zn0 s —330.46 436
ZnS s —2060  57.7
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