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ABSTRACT

Biofuels are receiving significant interest as a source for sustainable, locally produced hy

drocarbon fuels. While solid oxide fuel cells (SOFCs) can operate efficiently on biomass 

fuel streams, their use can prove problematic if process conditions are not carefully moni

tored, as carbon-deposit formation presents a significant risk. In this study, we examine the 

chemistry and transport processes underway when SOFC anodes are exposed to ethanol- 

steam mixtures. Through use of a unique Separated-Anode Experiment, this study decou

ples anode chemistry processes from charge-transfer, cathode-activation, and other electro

chemical processes in an effort to focus on ethanol decomposition in SOFC environments. 

Experiments are combined with numerical simulations that include homogeneous model

ing within the non-catalytic regions, Dusty-Gas transport modeling within the anode pore 

structure, and elementary, multi-step heterogeneous chemical kinetics mechanisms repre

senting fuel conversion within the anode. Process windows for deposit-free operation are 

postulated, and a detailed analysis of chemistry in the catalytic and non-catalytic regions of 

SOFC systems is discussed.
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CHAPTER 1 

INTRODUCTION

1.1 Background

SOFCs are highly efficient devices for converting the chemical energy of a fuel directly 

into electrical energy. Additionally, biomass-derived fuels (such as ethanol) are receiving 

renewed interest as a locally produced energy source with relatively high gravimetric and 

volumetric energy densities [1]. While SOFC operation on ethanol (EtOH) has been demon

strated in previous studies [2-4], the formation of carbon deposits and tars in EtOH-fueled 

SOFCs has been found to be a significant hindrance to product reliability [5-7].

There are many coupled, competing processes underway during SOFC operation, sev

eral of which are depicted in Figure 1. Electrochemical charge-transfer reactions are dom

inant at the triple-phase boundaries (TPB) at the anode-electrolyte interface. A 10-20 /im- 

thick anode-functional layer (AFL) comprised of sub-micron particles is commonly em

ployed to maximize the surface area of the TPB, which promotes these electrochemical 

reactions. In contrast, the anode-support layer has high porosity to promote gas transport 

within the 800-micron-thick structure, where hydrocarbon thermal chemistry is more ac

tive. For reliable operation, the fuel-reforming processes within the anode support must 

occur without the formation of carbon deposits that deactivate the cell.

Molecular diffusion and convective processes drive gas transport through the pore struc-

2



Figure 1: Illustrated cross-section of an anode-supported SOFC, with transport, fuel- 
reforming, and charge-transfer processes depicted (courtesy of R. Kee).

ture of the anode support. With the counter-flow mixing of the fuel species and the elec

trochemical products (primarily H20  and C 0 2), numerous chemical reactions occur on the 

highly catalytic anode surface. Internal reforming processes convert higher hydrocarbons to 

H2 / CO syngas mixtures, and CO is further converted through the water-gas shift reaction 

(WGS) as seen in Equation 1 :

CO +  H g O ^ C O g  +  Hg (1)

The chemical reaction mechanisms are quite complex, and can lead to the formation of 

carbon deposits that block catalytic sites, both within the anode support and in the triple 

phase boundary region. Coke formation is particularly problematic when liquid hydrocar-
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bon fuels are used, and is affected by the operating current of the fuel cell [8].

One approach to avoid deposit formation under hydrocarbon fuels is to add steam or 

air to the inlet fuel stream to allow “internal reforming” within the catalytically active an

ode [9-11]. While internal reforming can simplify the SOFC system by eliminating the need 

for an upstream fuel reformer, there are added thermal-management issues with exothermic 

partial-oxidation (POX) competing with endothermie WGS. Depending on SOFC system 

design, many of these reactions occur in the gas phase before reaching the catalytic re

gion [12-14]. The homogeneous chemistry can significantly change the inlet hydrocarbon 

species before they reach the metal catalyst in the anode support, which could affect reac

tivity in the anode and the fuel-cell performance.

To analyze the reforming processes occurring in the anode support structure, it is neces

sary to understand how the hydrocarbon fuel stream is reacting in the gas phase. Therefore, 

this study focuses on the homogeneous and heterogeneous reforming properties of ethanol 

and steam to differentiate between chemistry occurring in the gas phase and chemistry oc

curring on the catalytically active anode.

1.2 Motivation

To mitigate the risk of deposit formation and control reforming processes within the anode 

structure, SOFC researchers have been developing advanced anode materials and archi

tectures for operation on higher-hydrocarbon fuels. Ye et al. and others have shown that
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functionally graded or composite [15-18] anode structures can improve fuel cell perfor

mance. There has also been considerable research to suggest that addition of a thin catalyst 

layer [19] or inert barrier layers [20,21] between the anode and fuel channel promotes more 

complete reforming and deposit-free operation. Further research suggests that surface al

loying promotes long-term stability of Ni catalysts [22]. Preventing carbon deposition is 

critical to robust fuel-cell operation, especially with higher hydrocarbons, because carbon 

can deactivate the catalyst and prevent reforming within the anode. Predicting the extent 

of thermal chemistry through computational modeling is valuable when evaluating anode 

structures. However, for models to be truly predictive, accurate knowledge of the chemical 

processes underway in the gas phase and within the anode support is imperative.

1.3 Objective

The objective of this thesis is to describe quantitatively the gas-phase chemistry along with 

chemical kinetics and transport within the anode structure through specially designed ex

periments and computational models. The research examines ethanol reforming processes 

over a conventional cermet SOFC anode comprised of nickel and yttria-stabilized zirconia 

(Ni-YSZ), and the effects of adding steam on these processes. To promote focus on anode 

reforming processes, we employ a unique “Separated Anode Experiment” (SAE) to decou

ple reforming processes from the electrochemical processes underway during typical SOFC 

operation, as described below. We also wish to understand the deposit-free SOFC operating 

windows under ethanol fuel.
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1.4 Approach

To evaluate quantitatively the chemical kinetics and transport within the anode, we conduct 

a series of experiments in the SAE to decouple the processes occurring within the reactor. 

We are able to separate between gas-phase reactions, surface chemistry on the reactor walls, 

surface chemistry on the YSZ, and surface chemistry within the anode through models and 

experiments described below.

• Homogeneous gas-phase model of reactions within reactor

• Experiments within empty reactor to evaluate catalytic reforming on reactor walls

• Experiments over YSZ disc to evaluate catalytic properties of YSZ

• Experiments over Ni-YSZ anodes to evaluate catalytic properties of Ni

We are also able to differentiate between simulated open-circuit voltage operation and sim

ulated peak-power operation by carrying out experiments with controlled levels of electro

chemical products. These experiments are supported by computational models that predict 

gas-phase and catalytic reformate species over the range of typical SOFC operating condi

tions.
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CHAPTER 2 

EXPERIMENTAL METHOD

2.1 Anode Fabrication

Experiments are conducted on planar Ni-YSZ anodes fabricated via powder pressing. An

ode powders are fabricated by mixing 187.5 g of NiO (Novamet Type F), 112.5 g of 8YSZ 

(Tosoh TZ8Y), 4.5 g of Darvan 821A defloculant, 15 g of CarboWax binder (20M), and 120 

g of water to create a slurry. In addition, 30 g of graphite pore former (Alfa Aesar -325 mesh 

graphite, F purity) is added to increase anode porosity. The slurry is mixed on a rolling mill 

with grinding media. Upon mixing, the slurry is dried overnight in a warming oven.

After drying, the powders are crushed using a mortar and pestle and passed through a 

100-mesh sieve. The sieved powders are pre-weighed into 10 g portions, and compacted in 

a 57.15 mm (2.25 in) die in a uni-axial press (Carver AutoFour / 30) loaded to 5.338 kN 

(12,000 pounds).

The green powder compact is removed from the die cavity and placed on a firing setter 

to sinter. The powder compact is “high-fired” at a temperature of 1500 °C for 5 hrs in air. 

The purpose of high-firing is to bum out binders and pore former and fully sinter the anode 

materials. Figure 2(b) shows a photograph of a Ni-YSZ anode that has been high-fired.
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Figure 2: Photographs of bisque-fired (a) and high-fired (b) Ni-YSZ anodes fabricated in 
the Colorado Fuel Cell Center at the Colorado School of Mines.

2.1.1 Application of Electrolyte Layer

For application of the non-porous YSZ electrolyte layer, additional process steps are re

quired. The powder compact is “bisque-fired” at 1200 °C for 5 hrs in air. Bisque firing is 

used to burn out binders and pore former without fully sintering the anode structure. Fig

ure 2(a) shows a photograph of a bisque-fired anode, which undergoes less shrinkage than 

the high-fired anodes.

After bisque-firing, the electrolyte layer is added by dip coating the anode six times in a 

slurry, with 25 min drying periods between each dip at 85 °C. The slurry is composed of 12 

g of YSZ powder (Tosoh TZ8Y), 1 g of defloculant (PEI), 85 g ethanol as a solvent, and 2 g 

of binder (Heraeus V006). The slurry is mixed in a ball mill for 48 hours and then stirred on 

the stirring plate. The electrolyte layer is then removed from one side of the anode through



Figure 3: Photographs of a non-porous, dense YSZ disc (a) and a Ni-YSZ anode with 
electrolyte layer (b) fabricated at the Colorado Fuel Cell Center at the Colorado School of 
Mines.

sand blasting to allow reforming within the porous anode. Figure 3(b) shows a photograph 

of a Ni-YSZ anode with a dip-coated electrolyte layer.

2.1.2 Dense YSZ Disc Fabrication

The fabrication of the dense YSZ discs are carried out in a similar manner as the Ni-YSZ 

anode fabrication, except that the powder pressed in the uni-axial press is composed solely 

of YSZ (Tosoh TZ-8YSB) loaded to 10 g. It is then high-fired, as the anodes were, but 

formed non-porous, dense YSZ discs that can be seen in Figure 3(a).
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2.2 Experimental Setup

To decouple the anode-reforming processes from the electrochemical processes, previous 

members of our group designed and built the “Separated-Anode Experiment” as discussed 

by Hecht et al. [23, 24]. For the current study, numerous improvements are made to the 

original setup, some of which are shown in Figure 4. The modified setup includes an exhaust 

sampling manifold capable of measuring both inlet and exhaust gas compositions, a pump 

coupled with a vaporizer to introduce liquid fuels, and a circular anode manifold to support 

circular, planar anodes that we fabricate in the Colorado Fuel Cell Center (CFCC). While 

the basic design and updated features are explained below, more detail about the operating 

procedures and the original design is described by Hecht et al. [24].

As seen in Figure 5(a), the anode is pressed between two fixtures across which flow 

channels have been machined. The flow channel above the anode is called the fuel channel 

and is fed with gases that represent SOFC fuel streams. The flow channel below the anode 

is called the electrolyte channel, and is fed with gas mixtures that represent those found 

at the triple-phase boundary (steam and carbon dioxide). The anode is sealed between 

mica sheets and pressed between Inconel manifolds. The entire assembly is then pressed 

between ceramic supports as seen in Figure 5(b), and placed within a furnace and heated 

to temperatures representative of SOFC operating conditions (600-800 °C). The experiment 

is designed such that the reforming agents (H20, C 02) and the reformed hydrocarbons 

are being transported through the porous anode in opposite directions. This counter-flow 

arrangement represents the environment in an operating fuel-cell anode.
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Electrolyte
Inlet

Fuel Inlet

Anode

Electrolyte Exhaust 
(to Mass Spec)

Fuel Exhaust 
(to Mass Spec)

Fuel exhaust

Ceramic sleeve 
Fuel channel

Anode

Inconel f r a m e ' Electrolyte
exhaustElectrolyte feed

Electrolyte channel

(a) Simplified diagram of separated anode experi
ment with gas flows and anode.

(b) Cutaway illustration of the anode assembly with 
support and sealing components (courtesy of R. Kee).

Figure 5: Illustrations of the separated anode processes and complete anode assembly 
mounted within the heater for the separated anode experiment.

As the hydrocarbon from the fuel channel diffuses through the anode and comes into 

contact with the reforming agents from the electrolyte channel, catalytic reactions on the 

anode surface produce hydrogen and carbon monoxide. These species diffuse back into 

the anode and electrolyte channels, and are measured using a mass spectrometer (Cirrus 

LM99). Flow rates are kept sufficiently high so that the chemistry is not equilibrated, and 

the net conversion depends on the flow rate. By varying flow rate, chemical kinetics and 

gas-phase transport information can be inferred.

Figure 6 shows the manifold that houses the anode connecting to inlet and exhaust tubing 

on both the fuel and electrolyte sides. Outside of the heater, the inlet and exhaust lines are 

heated to 180 °C to prevent H20  and EtOH condensation. There is a 10 cm region of the inlet 

and exhaust tubing that extends into the heater seen in the right side of Figure 6, causing the 

inlet gas temperatures to ramp from 180 °C to 800 °C. This region likely contains gas-phase 

chemistry because of its high temperatures and residence times on the order of 1 second.
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Furnace Fuel OutletM anifold/anode
assem bly

Bottom half of 
gas manifold

A iio d e

(mm) Elec. Outlet

Figure 6: Illustration of heated region and channeled manifold in the separated anode exper
iment. The manifold, inlet tubing, and outlet tubing are all within the heater (image courtesy 
of I. Kang).

Steam is introduced into the electrolyte channel through a heated vaporizing vessel as 

seen in the bottom left of Figure 4. A carrier gas bubbles through heated water within the 

vaporizer at low flow rates to accumulate the desired level of steam. It is assumed that the 

low flow rates allow complete saturation of the carrier gas with steam. The partial pressure 

of steam depends upon temperature, as expressed in equation 2,

P h 2o  =  1333.22 e x p  (l8.3036 +  , (2)

where ph2o is in Pa and T  is in K [25]. With measured atmospheric pressure values, the 

vaporizer could be set to a specific temperature to achieve desired mole fractions of steam 

in the inlet electrolyte stream.

Liquid ethanol fuel is introduced into the fuel channel using a milliGAT pump (Global
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FIA) coupled with another vaporizer. The liquid ethanol is mixed with deionized (DI) water 

to achieve desired steam-to-carbon ratios. The Ideal Gas Law is used to calculate the par

tial pressure of steam within the vaporizor by relating the gas-phase density of steam and 

ethanol at the measured pressure within the vessel. The vaporizer is held at 180 °C to ensure 

complete vaporization when the liquid mixture is pumped into the center of the vessel.

Finally, the steam is condensed out of the exhaust stream in a water-dropout system 

composed of a beaker held at room temperature and a desiccant tube (Drierite). The ex

haust gases then flow to the mass spectrometer with virtually no residual steam. The mass 

spectrometer is calibrated using the prominent ethanol reaction products at specific mass-to- 

charge ratios (m /e). A single peak from each species’ cracking pattern is chosen to avoid 

significant overlap. The nominal m /e  values for the species are taken as H2, 2; CO, 28; 

C 02, 44; CH4, 15; C2H4, 27; C2H5OH, 31. Certain m /e  peaks show some overlap, such 

as C2H4 and C2H5OH both showing up at peak 27, which is used for the C2H4 calibration, 

and CO, C2H4, C 0 2, and C2H5OH all showing up at peak 28, which is used for the CO cal

ibration. Corrections are made for overlap by subtracting the overlapping species from the 

desired calibration species (subtracting a known quantity of C2H5OH from peak 27 leaves 

just C2H4). The signals are normalized with the argon signal and then converted into mole 

fractions by using known input flow rates during the calibration.
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2.3 Anode Characterization

The specific material properties of an anode determine the extent of reforming and transport 

that can be expected within the bulk anode support. Anode properties such as catalyst 

material, oxide-support material, porosity, particle size, pore size, anode thickness, and 

tortuosity all play a role in how the anode behaves using various fuels. It is important to 

characterize these properties in order to optimize anode performance and understand the 

relationship between the properties of the material and its performance as an SOFC anode 

support. This study combines material properties of Ni-YSZ anodes collected in previous 

publications [23] with new characterization studies listed below.

• Scanning electron microscopy (SEM: JEOL JSM-6390)

• CO2 gas transport experiments

• Reforming activity in CH4 experiments

2.3.1 Scanning Electron Microscopy of Anodes

Specimen morphologies are evaluated using a scanning electron microscope (SEM). It is 

possible to infer the amount of open porosity and to get an estimate on pore and particle 

size in the reduced Ni-YSZ anodes using SEM. These values are later combined with other 

specific material properties of the anode as inputs into a Dusty-Gas transport model.

15



2.3.2 C 0 2 Transport Experiments

Differentiating between transport and chemistry within the anode is difficult because many 

competing, coupled processes occur simultaneously. To decouple transport from chemistry, 

experiments are conducted in the separated anode experiment to evaluate the effective tortu

osity of the anode while eliminating all chemical reactions using inert gas streams. Forming 

gas (FG: 96.5% Ar/3.5% H2) is introduced to one side of the porous anode and a mixture 

of C 0 2 and FG was introduced to the other. The amount of C 0 2 that diffuses across the an

ode is measured using mass spectrometry and compared to COo concentrations at the inlet 

as seen in Figure 7. A Dusty-Gas transport model run under the same conditions is used 

to validate the experimental results. By using measured porosity and pore-size values, the 

model calculates tortuosity as a parameter-fitting variable to match the experimental results.

FG CO, / FG TRANSPORT
INLET “(MEASURED)

Anode

Electrolyte Channel

CO, / FG INLET CO, / FG
(MEASURED) OUTLET

Figure 7: Diagram of C 0 2 transport experiments. A mix of C 0 2 and FG is introduced on 
one side of the anode and pure FG on the other. C 0 2 diffuses across and is measured at the 
exhaust with a MS on the opposite side. All tests are done at 100 seem and 800 °C.

Tests are also completed in the separated anode experiment in an effort to evaluate an

ode properties discussed above in two different types of anode materials [26]. A newly
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developed patent-pending anode fabrication procedure called “Reaction Sintering” was de

veloped by CoorsTek and claims to greatly reduce the fabrication costs while maintaining 

competitive reforming and transport properties within a Ni-YSZ anode [26, 27]. A series 

of CO2 transport tests were completed to analyze the transport properties of the Reaction 

Sintered anodes compared with “traditional” anodes fabricated in the CFCC, using the Sep

arated Anode Experiment as described above.

2.3.3 H2 and CO Transport with Internal Reforming of Methane

As the products of hydrocarbon reforming and WGS diffuse through the anode toward the 

electrolyte, the products of electrochemistry diffuse in the opposite direction towards the 

fuel channel. H2 and CO are the hydrocarbon-reforming products needed at the TPB to 

consume oxygen ions from the electrolyte and drive electrochemical charge transfer. There

fore, a series of experiments are conducted to examine the reforming of CH4 and transport 

of reforming products that reach the electrolyte (Figure 8).

A comparative study is also conducted on CH4 reforming between the Reaction Sintered 

(YRSZ) and traditional anodes. Both anodes are exposed to methane/steam mixtures from 

the fuel channel and products of electrochemistry (C02 and H20) from the electrolyte chan

nel. H2 and CO mole fractions are measured in the electrolyte-channel exhaust using mass 

spectrometry to infer heterogeneous chemistry and mass transport across the anodes. While 

both anodes tested are composed of a Ni-YSZ, this study analyzes the effect of porosity, 

particle size, pore size, tortuosity, and fabrication procedure on transport and reforming.
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CH, / FG INLET REFORMED HCS

Anode

Electrolyte Channel

c o , / h 2o / f g
INLET

REFORMED HCS 
(DIFFUSED)

Figure 8: Diagram of CH4 reforming experiments completed at 100 seem and 800 °C. A mix 
of CH4 and FG was introduced on the fuel side and C 0 2, H20 , and FG on the electrolyte 
side.

2.4 Reforming of Ethanol with Steam

A series of experiments are conducted using ethanol fuel with a mixture of steam at typical 

SOFC operating temperatures. The experiments analyze reforming properties within an 

empty stainless steel (SS) / Inconel manifold, over a dense YSZ disc, over a porous Ni- 

YSZ anode with an electrolyte layer, and over a porous Ni-YSZ anode (Figure 9), and are 

highlighted in the list below.

• Ethanol reaction experiments in an empty SS/Inconel manifold 

e Ethanol reforming experiments over a dense YSZ disc

• Ethanol reforming experiments over a Ni-YSZ/YSZ anode/electrolyte assembly

• Ethanol reforming experiments over a porous Ni-YSZ anode

18



The goal of the testing was to understand the different aspects of ethanol reforming 

within the reactor, including gas-phase, heterogeneous, and transport processes occurring 

in the system. Ultimately, understanding such differences within the SOFC system can lead 

to improved system design and achieve a high yield of H2 and CO while preventing carbon 

deposition. The ethanol reforming studies are highlighted in the list below.

C H OH / H O / FG
INLET

Empty Manifold

REFORMED HCS
C,H.OH / H ,0  / FG

Electrolyte Channel

No Tranport

INLET REFORMED HCS
Fuel Channel

Dense YSZ Disc

Electrolyte Channel

FG INLET No Tranport FG Outlet

(a) Process diagram for empty manifold experiments 
under ethanol/steam mixtures.

(b) Process diagram for dense YSZ experiments un
der ethanol/steam mixtures.

C2H$OH / H ,0  / FG
INLET REFORMED HCS

C2H5OH / H O / FG

fcSE
Fuel Channel

INLET REFORMED HCS
Fuel Channel

Anode

Electrolyte Channel

FG INLET No Tranport FG Outlet

(c) Process diagram for anode/electrolyte experi
ments under ethanol/steam mixtures.

a

A,
Electrolyte Channel

H ,0 / FG With REFORMED HCS
INLET Transport (DIFFUSED)

(d) Process diagram for separated anode experiments 
under ethanol/steam mixtures.

Figure 9: Diagrams of C2H5OH reforming experiments within empty manifold, over a dense 
YSZ disc, over an anode/electrolyte two-layer assembly, and over traditional anode. A mix 
of C2H5OH, steam, and FG was introduced on the fuel side and FG with (anode) and without 
(dense YSZ and anode/electrolyte) steam on the electrolyte side.

All tests were conducted with ethanol/steam mixtures at 680 °C, 740 °C and 800 °C. Liq

uid ethanol fuel was mixed with liquid water and then vaporized and fed to the fuel channel 

to achieve a range of steam-to-carbon ratios. The electrolyte channel was fed with steam in
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the tests with transport across the anode to simulate the electrochemical products diffusing 

from the electrolyte in an operating fuel cell near peak power. The experiments with no 

transport across the anode (empty SS/Inconel manifold, dense YSZ disc, anode/electrolyte) 

had no steam in the electrolyte channel.

Experiments are performed to analyze reforming characteristics of ethanol with added 

steam under various conditions. The experimental conditions are chosen to simulate differ

ent aspects of an operating fuel cell. First, a mixture of ethanol and steam is introduced into 

an empty SS/Inconel manifold heated to SOFC operating conditions with the same dimen

sions and flow conditions as the SAE. This is done to analyze the gas-phase reactions and 

catalytic chemistry occurring within the tubing and over the stainless steel manifolding of 

the reactor without an anode in place (Figure 9(a)). Secondly, a dense YSZ disc is tested 

in the anode manifold shown in Figure 9(b) to add heterogeneous chemistry on the YSZ. 

Next, a Ni-YSZ anode with a YSZ electrolyte is tested to examine catalytic reforming on 

Ni and YSZ without products of electrochemistry as seen in Figure 9(c). Finally, a Ni-YSZ 

anode is tested with steam diffusing from the electrolyte channel to analyze heterogeneous 

chemistry with simulated products of electrochemistry, seen in Figure 9(d).

2.4.1 Reforming of Ethanol with Steam in an Empty Manifold

To understand the role of homogeneous reactions and reactivity of the SS/Inconel mani

folds, experiments are conducted using an empty SS/Inconel manifold that is inserted into 

the heater. Stainless steel and Inconel are both known to have some catalytic reactivity with
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hydrocarbon fuels compared to other manifold materials such as alumina. Additionally, sig

nificant EtOH chemistry may occur in the gas phase upstream of the anode, so experimental 

results were compared to gas-phase chemistry predictions made by the homogeneous mod

els.

2.4.2 Reforming of Ethanol with Steam on an Dense YSZ Disc

A dense YSZ disc is inserted into the SAE to measure ethanol reforming on the YSZ. YSZ 

is thought to have some catalytic properties compared to other oxide supports such as alu

mina [28]. While YSZ has far less catalytic activity than a metal such as nickel, these 

tests evaluate the extent of its reforming capabilities under an ethanol/steam mixture, and to 

compare the catalytic activity of YSZ with that of the Ni-YSZ anode cermet.

2.4.3 Reforming of Ethanol with Steam on a Anode/Electrolyte Assembly

Operating under hydrocarbon fuels at OCV is linked with increased carbon deposition and 

must be carefully controlled [8] compared to operation where power is being generated. 

Operation at OCV has no electrochemical products generated at the triple-phase boundary, 

which aid in hydrocarbon reforming in the anode support. A porous Ni-YSZ anode with 

a dense YSZ electrolyte layer is tested to simulate an operating fuel cell at open-circuit 

voltage (OCV). This scenario allowed for internal catalytic reforming on the anode with a 

metal catalyst, but has no steam or CO2 diffusing from the electrolyte channel as simulated
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products of electrochemistry.

2.4.4 Reforming of Ethanol with Steam on an Anode

A porous Ni-YSZ anode is tested with steam diffusing from the electrolyte channel to the 

fuel channel to simulate an operating fuel cell when power is being generated. In a fuel cell 

that is drawing current, electrochemical products from the electrode-electrolyte interface 

diffuse through the anode towards the fuel channel and react with the hydrocarbon and its 

reforming products. Steam from both the fuel stream and the electrolyte channel combine 

to provide higher levels of steam for the ethanol reforming products. Experiments are also 

conducted with varying amounts of steam added to the inlet fuel composition to evaluate 

the steam-to-carbon ratio and its effects on carbon formation.
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CHAPTER 3 

MODEL DESCRIPTION

Three different modeling techniques are used to analyze the processes occurring both 

homogeneously and heterogeneously within a SOFC system. First, equilibrium calcula

tions are carried out to explore the thermodynamic chemistry and the propensity for carbon 

formation under various conditions. Next, homogeneous modeling is completed to under

stand the kinetics of gas-phase reforming with specific temperatures and residence times 

seen in the separated anode experiment. Finally, heterogeneous modeling is carried out to 

understand the catalytic reactions and transport occurring within the anode support.

3.1 Equilibrium Calculations

The mass fraction of carbon deposits at equilibrium are predicted using the minimization of 

free energy approach. CHEMKIN software is used to predict the reforming products of an 

ethanol/steam mixture over a temperature range of 100 °C  to 1000 °C [29]. Solid carbon 

is also evaluated in the calculations to explore the potential deposit-free operating window. 

The results of these calculations indicating deposit-free operation are used as starting points 

for experimentation in the Separated Anode Experiment.
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3.2 Homogeneous Kinetic Reaction Mechanism

A kinetic model including a detailed chemical mechanism is used in this analysis and was 

described in detail by Gupta et al. [14]. The analysis is carried out using the C h e m k in ’s 

commercial software provider. R e a c t i o n  D e s i g n ,  and uses the plug flow analysis. This 

mechanism was developed for oxidation and pyrolysis kinetics for hydrocarbons up to C6,

and was validated for methane pyrolysis and oxidation [13] and butane pyrolysis [12] and

contains 350 species and over 3450 reactions. The mechanism was modified to add the two 

main channels of ethanol dissociation,

C2H5OH ^  C2H4 +  H20  (3)

C2H5OH ^  CH3 +  CH2OH (4)

with rate expressions and parameters published by Gupta et al., and the model matching 

closely with experimental results for ethanol pyrolysis [14]. The mechanism is applied in 

this study using C h e m k in  to the specific flow conditions within the fuel channel of the 

Separated Anode Experiment. These conditions include flow rates, temperature profiles, 

and inlet gas compositions, while ignoring diffusion of electrochemical products into the 

fuel channel and ignoring the reactivity of the fuel stream with the walls of the reactor.
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3.3 Heterogeneous Reactive Flow Model

The numerical model representing this experiment employs a plug-flow assumption in the 

flow channels above and below the anode. Multi-step, elementary chemical kinetics mech

anisms are employed to simulate the catalytic reactions between the nickel in the anode 

structure and the gas-phase species. This combination of model and experiment has been 

used in the past to investigate the role of steam in catalytic reforming of methane [23].

Figure 10 shows the framework for the computational model. This model is described 

in detail by Hecht et. al [23, 24] and the important concepts summarized below.

Global ethanol decomposition
C 2 H 5 O H  ^  c h 4  + C O  +  h 2

Elementary Cl reactions
H 2 (g) +  (N i) +  (N i) ^  H (N i) +  H (N i)  
0 2 (g) +  (N i) +  (N i) ^  O (N i) +  O (N i)  
C H 4 (g) +  (N i) ^ C H 4 (N i)
H 2 0 ( g )  +  (N i) ^  H 2 0 ( N i )
C 0 2 (g) +  (N i) i=; C 0 2 (N i)
C O (g ) +  (N i) ^  C O (N i)
O (N i) +  H (N i) O H (N i) +  (N i)
O H (N i) +  H (N i) H 2 0 ( N i)  +  (N i)  
O H (N i) +  O H (N i) ^  O (N i) +  H 2 0 ( N i)  
O (N i) +  C (N i) ^  C O (N i) +  (N i)
O (N i) +  C O (N i) ^  C 0 2 (N i) +  (N i)  
H C O (N i) +  (N i) ±=, C O (N i) +  H (N i)  
H C O (N i) +  (N i) ^  O (N i) +  C H (N i)  
C H 4 (N i) +  (N i) ^  C H 3 (N i) +  H (N i)  
C H 3 (N i) +  (N i) C H 2 (N i) +  H (N i)  
C H 2 (N i) +  (N i) C H (N i) +  H (N i)  
C H (N i) +  (N i) ^  C (N i) +  H (N i)
O (N i) +  C H 4 (N i) ^  C H 3 (N i) +  O H (N i)  
O (N i) +  C H 3 (N i) C H 2 (N i) +  O H (N i)  
O (N i) +  C H 2 (N i) ^  C H (N i) +  O H (N i)  
O (N i) +  C H (N i) ^  C (N i) +  O H (N i) ^

Figure 10: Diagram of the computational framework to model chemistry and transport 
within the anode. Computational solution is accomplished in finite-volume form using 
an axial mesh of A r along the length of the channel and transverse mesh intervals of Ay 
through the thickness of the anode (courtesy of R. Kee).

Plug flow in channels
d (pYku) _  Pe 
— -

Anode
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E  + =  - v[x‘1 'e?k ^ k K n  M

25



Plug flow is assumed in both the fuel and electrolyte channels, while chemically react-

dimensions justify a plug-flow approximation. The velocity profile and species diffusion 

within the flow channels develop rapidly so a mean velocity and uniform composition as

sumption is sufficient in the modeling.

The one-dimensional steady-state flows within the channels may be described by the 

species and overall continuity equations,

The independent variable is the length (%) along the channel and the dependent variables are 

the mean flow velocity (u) and species mass fraction (Yk). The other variables seen in the 

continuity equations are density (p), channel perimeter (Pe), channel cross-sectional area 

(Ac), flux (JA, and molecular weight of each species (% )-

The pressure can be determined directly from the momentum equations, but with varia

tions through the length of the channel sufficiently small, pressure may be taken as a spec

ified parameter. While the pressure may be slightly different in the two flow channels, the 

temperatures are assumed to be equal and uniform as controlled by the external furnace. 

The density (p) is derived from the Ideal Gas Law and molecular weights of species are 

represented as Wk.

ing porous-media flow is modeled within the anode. The low flow rates and small channel

(5)

(6)
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Within the anode, where the pore size is comparable to the molecular mean-free-path 

length, there is very little probability for gas-gas collisions. Consequently, gas-phase chem

istry can be safely neglected. However, it is essential to model gaseous species transport 

through the pore system and thermal heterogeneous chemistry.

Mass transport across the anode is driven by ordinary diffusion (gas-gas collisions), 

Knudsen diffusion (gas-wall collisions), and convective flow driven by pressure gradients, 

as represented using the Dusty-Gas model (DGM). Mass is transported across one side of the 

channel perimeter (Pe), which forms the boundary between the anode and the flow channel. 

Transport continues through the flow channel area (Ac) through which the flux (J&) flows.

The plug-flow model neglects gas-phase chemistry, heterogeneous chemistry on the 

walls of the inconel manifold, and stream-wise diffusion along the channel length. While 

some chemistry is expected between the fuel and the gas manifolds, visual observation of 

deposit formation reflects significantly more chemical activity on the Ni-YSZ anode. Ex

periments described previously are designed to quantify these effects. Future experiments 

will employ alumina rather than inconel manifolding to minimize reactivity in regions other 

than the anode under examination. Stream-wise diffusion is negligible under the experi

mental conditions tested: the diffusion velocity of hydrogen is estimated at 1 cm/s, while 

convective-flow velocities range from 60-180 cm/s.

A fast decomposition of C2 H5 OH into CH4  + CO + H2 is assumed as seen in the chem

ical mechanism in the right side of Figure 10. This assumption differs from Equations 3 

and 4 seen in the homogeneous gas-phase model in that the elementary reactions all oc
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cur with species that have one or fewer carbons (Cl reactions). The chemistry of the CH4 

reforming and water-gas shift processes are discussed in previous publications [23, 30]. 

While equilibrium calculations at 800 °C support the assumption that ethanol completely 

decomposes under these conditions, residence time calculations for the separated anode ex

periment compared with modeling by Gupta et al. suggest that these experiments are far 

from equilibrium [14]. Therefore, assuming that ethanol/steam mixtures at 800 °C undergo 

a fast decomposition into CH4 + CO + H2 may not be accurate, and should be checked when 

a surface mechanism of ethanol over nickel is developed.
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CHAPTER 4 

RESULTS AND ANALYSIS

A series of experiments with supporting computational models are carried out to charac

terize the properties of the anode and understand the reforming characteristics of an ethanol- 

steam mixture both in the non-catalytic and catalytic regions of SOFC systems. The compu

tational models are first used to predict carbon-free operating windows and then to validate 

experimental results, which help develop a better understanding of the homogeneous, het

erogeneous, and transport processes occurring within the fuel cell.

4.1 Anode Characterization Experiments

As described above, SEM images along with two types of experiments are carried out in the 

SAE to characterize the anodes. First, SEM images are taken of both CoorsTek and CFCC 

anodes. Then, CO2-transport experiments evaluate the material properties of the anodes, 

which are then validated through Dusty-gas modeling. Next, methane-reforming experi

ments are conducted to characterize the reforming and transport properties of the anodes. 

These experiments are carried out to compare reforming and transport properties on anodes 

fabricated at the CFCC using conventional processing materials, and anodes fabricated from 

CoorsTek’s reaction-sintered anode material.
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4.1.1 Scanning Electron Microscopy of Anodes

Figure 11 shows SEM images of a Reaction Sintered anode developed by CoorsTek and 

a traditional anode fabricated in the Colorado Fuel Cell Center (CFCC) at the Colorado 

School of Mines. The Reaction Sintered anodes appear to have a higher open porosity than 

the CFCC anodes.

Figure 11 : Fractured cross-section of anode supports fabricated with (a) “Reaction Sintered” 
anode powders developed by CoorsTek and (b) “traditional” N1/8YSZ powders (image cour
tesy of D. Storjohann).

4.1.2 C02 Transport Results

The C 0 2 transport experiments are designed to evaluate transport of an inert gas (C 0 2) 

across a porous anode as shown in the flow schematic from Figure 7. As discussed by 

Storjohann et al. [26], transport properties were compared between anodes fabricated with 

a “standard” technique in the CFCC (C-Anodes) and “reaction-sintered” anodes developed
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by CoorsTek (RS-Anodes). C 0 2 and forming gas (FG: 96.5% Ar/3.5% H2) was supplied to 

the electrolyte channel, while pure FG was supplied to the fuel channel. The fuel-channel 

exhaust composition is measured to determine the gas-transport properties of the anode.

■  RS - A nodes □  C - A nodes■  RS- Exhaust C 0 2  
□  C- Exhaust C 0 2

1 2  3 1 2  3
Experiment Experiment

(a) Inlet and transported C 0 2 mole fractions for (b) Normalized C 0 2 inlet-to-exhaust ratios. 
RS/C-based anodes.

Figure 12: Results from C 0 2 transport experiments in mole fraction output (a) and normal
ized inlet/outlet ratio (b) for both RS- and C- based anodes.

Figure 12(a) shows the inlet and outlet mole fraction of three different C 0 2/FG ratios 

for both anodes run at 100 seem. The first experiment has a measured inlet mole fraction 

at the electrolyte channel of 46% with the RS- and 48% for the C-based anode tests. The 

outlet mole fractions at the fuel-channel exhaust is measured to be 13% for the RS- and 6% 

for the C-based anode. This result indicates that for nearly equal inlet mole fractions of 

C 0 2, the RS-anode has more than twice the amount of C 0 2 diffuse across the anode. These 

results are consistent with two other experiments conducted at different inlet mole fractions 

of C 0 2 on the same Ni-YSZ anodes, also shown in Figure 12(a).

Figure 12(b) shows the normalized mole fractions (outlet mole fraction / inlet mole 

fraction) of C 0 2 that diffuse across the anode. The RS-anodes have significantly higher
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transport of CO2 than the C-based anodes. The RS-anodes show roughly 28% of the inlet 

C 0 2 diffusing to the opposite side, while only 13% C 02 transport is observed for the C- 

anodes. These results suggest significant differences in transport properties between the RS- 

and C-based anodes, although both are composed of Ni-YSZ. Porosity in the RS-anodes is 

measured to be 38.5% compared to 32.5% in the C-anodes, likely playing a role in the 

increased transport properties across the anode.

To characterize the material properties of the C-based anode further, a Dusty-Gas model 

is employed to analyze the specific transport properties. As seen in Table 1, the previ

ously measured material properties including anode thickness, average particle diameter, 

and average pore radius are put into the model along with the results from the C 02 trans

port experiments. Using a parameter-fitting strategy where tortuosity is adjusted to match 

experimental results with modeled data, the effective tortuosity is determined to be r=4.0.

Table 1: Summary of model input and outputs for anode transport properties in “standard” 
C-based anodes fabricated in the Colorado Fuel Cell Center

Anode Property Measured/Calculated Value
Model Inputs

Anode Thickness 1.1 mm
Average Particle Diameter 32.5%
Average Pore Radius 1.5 /mi

Model Output
Tortuosity 4.0

The RS-anodes are not analyzed further for material properties, and may be subject to 

future investigations. While both RS- and C-based anodes are compared in the next section 

for CH4 reforming characteristics, only C-based anodes are evaluated for the remainder 

of the study under ethanol fuel. While RS-based anodes likely have different reforming
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properties under ethanol than C-based anodes, the goal of this study is to examine the effect 

of temperature, flow rate, and S/C ratio on ethanol reforming characteristics and leave all 

other properties (including anode fabrication procedure) constant. C02 transport and CH4 

reforming comparisons are carried out in this section and the next to highlight the fact that 

anode fabrication procedure and specific material properties can have a significant effect on 

internal reforming and transport within a SOFC anode.

4.1.3 Methane Reforming Results

Experiments are completed comparing the RS- and C-based anodes in their reforming char

acteristics under methane fuel. As seen in Figure 8, CH4 and FG are introduced into the fuel 

channel at 20% and 80% mole fractions, respectively. The electrolyte channel is exposed to 

C02 / H20  / FG at 25% / 25% / 50% mole fractions, respectively. Flow rates held at 800 °C 

are stepped through a range of flow rates from 70-130 seem in each flow channel.

Figure 13 shows the results of the CH4 reforming experiments in the electrolyte exhaust 

over a range of inlet flow rates. These results highlight the CH4 reforming products (namely 

H2 and CO) that reformed within the anode and diffused to the electrolyte exhaust. These 

products could be expected to reach the electrolyte in a working fuel cell and drive the 

electrochemistry. There were no deposits observed on the surface of the anode after 8 hours 

of testing.

It is clear from the results that more H2 reaches the electrolyte channel in the RS-anode
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Figure 13: Methane reforming results for RS- anode shows higher levels of H2 and CO 
transport to the electrolyte channel than the C- based anode over a range of flow rates (70- 
130 seem) at 800 0C. No methane made it to the electrolyte channel.

(7%-9%) over all flow rates than in the C-anode (4%-6%). Also, more CO reaches the elec

trolyte channel in the RS-anode (5%-6%) than in the C-anode (3%-4%). The results show 

decreased levels of reforming products as the flow rates increased, as expected, with less 

time for the CH4 to react. Finally, there is no CH4 breakthrough observed in the electrolyte 

channel for either type of anode, suggesting that CH4 is completely reformed while diffus

ing through the anode. This result implies that the C-based and RS-based anodes have the 

same capacity for reforming CH4, but the higher porosity of the RS-based anodes results in 

more reforming products reaching the electrolyte.

34



4.2 Equilibrium and Gas-Phase Modeling of Ethanol/Steam Mixtures

Equilibrium modeling of ethanol/steam mixtures is first conducted to provide a starting 

point for experiments. Previous studies suggest that ethanol is not stable in the gas phase at 

these operating temperatures and flow rates [14]. Two models are employed to characterize 

reaction processes outside of the catalytic region of a SOFC. First, equilibrium calcula

tions are carried out using C h e m k i n  software to evaluate thermodynamically unfavorable 

conditions for carbon deposition. The equilibrium calculations are completed at various 

steam/ethanol ratios over a range of typical SOFC operating temperatures. Next, a series of 

homogeneous gas-phase models are run to predict ethanol reforming using the the geometry 

and flow conditions used in the separated anode experiment. The purpose of this model is 

to understand the extent of gas-phase reforming upstream of the fuel cell anode. Results 

will show that the flow conditions in the SAE are far from equilibrium, but proved to have 

significant reforming in the gas phase.

4.2.1 Modeled Equilibrium Ethanol/Steam Calculations

Figure 14 shows a carbon-hydrogen-oxygen analysis over a range of S/C ratios to identify 

the propensity of graphite formation at equilibrium using a ternary diagram. Graphite is 

assumed to deposit at concentrations above 10-6, and is chosen as a conservative estimate 

for carbon formation, with deposits likely to be less stable than graphite. The results suggest 

that pure ethanol, even with low levels of steam, forms graphite at equilibrium over typical 

SOFC operating temperatures (680 °C - 800 °C). However, at S/C ratios of 2:1 and greater,
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equilibrium calculations do not indicate deposit formation.
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Figure 14: Ternary diagram of predicted regions of graphite formation along with specific 
ethanol/steam mixtures with S/C ratios of 5:1, 4:1, 3:1, 2.5:1, 2:1, 1.5:1, 1:1, and 1:2 along 
with neat ethanol. Graphite predicted at concentrations above 10~6.

Following the C-H-O equilibrium predictions, further equilibrium calculations are car

ried out using C h e m k i n  software to evaluate the propensity for carbon deposition and ex

amine the reaction products of ethanol and steam. Equilibrium calculations are carried out 

for a mixture of ethanol with and without steam along with 50% argon. The calculations 

employed 50% argon to approximate the argon used in the separated anode experiments as 

a carrier gas. While experiments in the SAE used FG as a carrier gas (containing trace H2), 

the equilibrium calculations used only argon as a diluent to give a more conservative esti

mate for carbon formation. Figure 15 shows the equilibrium result of a 50% argon and 50% 

ethanol mixture with no steam added to the inlet. Figure 16 shows the equilibrium results 

of a 50% argon, 34.4% steam, and 15.6% ethanol mixture, giving a S/C ratio of 1.1/1.

36



50%

40%
O
u
2

LL 30%
Q)
O
g  20%
3

C H 4
C ( S )

A rH 2 0

C O5
3trin

10%

C 0 2
0%

300 500100 700 900
Tem perature  (°C )

Figure 15: Modeled equilibrium calculation using 50% ethanol / 50% argon without steam 
over a range of temperatures. Surface carbon formation (C(S)) is thermodynamically favor
able over the entire temperature range examined.
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Figure 16: Modeled equilibrium calculation using an argon/steam/ethanol mixture of 
50%/34.4%/15.6%, respectively (S/C of 1.1/1), over a range of temperatures. Surface car
bon formation (C(S)) is thermodynamically unfavorable above 670 °C.
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It is clear from the results in Figure 15 that surface carbon is thermodynamically favor

able at equilibrium over the entire range of SOFC operating temperatures when no steam is 

added to the inlet. With an inlet S/C ratio of 1.1/1, however, surface carbon is only thermo

dynamically favorable below 670 °C. A third equilibrium calculation is carried out at a S/C 

ratio of 2.2/1, at a S/C ratio just above the predicted region of graphite formation from the 

C-H-O equilibrium calculation. Figure 17 shows the modeled results from inlet concentra

tions of argon/steam/ethanol of 50%/40.7%/9.3%, respectively. Equilibrium results at the 

S/C ratio of 2.2/1 shows surface carbon unfavorable above 150 °C.
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Figure 17: Modeled equilibrium calculation using an argon/steam/ethanol mixture of 
50%/40.7%/9.3%, respectively (S/C of 2.2/1), over a range of temperatures. Surface carbon 
formation (C(S)) is thermodynamically unfavorable above 150 °C.

Figure 18 suggests that increased levels of inlet steam decreases the propensity for car

bon formation, but also decreases H2 yield. Therefore, it is desirable to add as little steam 

as possible while still preventing carbon deposition. Water addition also increases the com

plexity of an ethanol-fueled SOFC system. For the remainder of the study, a S/C ratio 2.2/1
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Figure 18: Equilibrium calculations of surface carbon deposits and H2 yield over the three 
S/C ratios of 2.2/1, 1.1/1, and with neat ethanol, over a range of temperatures. Increased 
levels of steam lowered C(S) formation, but also lowered H2 yield.

is chosen as the starting point in all modeling and testing to maintain a low propensity of 

carbon deposition and a high H2 yield. While equilibrium calculations give insight into the 

possible chemistry at a given temperature, they do not predict chemistry within the kinetic 

regime. Therefore, it is possible that carbon can form in the kinetic regime at temperatures 

where deposition is unfavorable at equilibrium.

4.2.2 Modeled Homogeneous Ethanol/Steam Reactions

Homogeneous reactions of an ethanol/steam mixture with a S/C ratio of 2.2/1 are mod

eled with the flow geometry and temperatures seen in the SAE. The models are run using 

C h e m k i n  with the same kinetic mechanism described earlier, but now using the plug-flow
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analysis instead of the equilibrium analysis. This mechanism was validated in the kinetic 

regime by Gupta et al. [14] for ethanol and butane. Table 2 shows the inlet flow conditions 

that are chosen to model the experimental flow conditions in the SAE.

Table 2: Summary of inputs for homogeneous models

Input Parameter Input/Calculated Value
Mole Fraction

C2H5OH 3.08%
h 2o 13.23%
Ar 80.76%
h 2 2.93%

S/C Ratio 2.2/1

Temperature
Test 1 180-680-180 °C
Test 2 180-800-180 °C

Flow Rates 130 seem

Residence Times
Inlet Tubing 0.31 s
Fuel Channel 0.06 s
Exhaust Tubing 0.31 s

Figures 19 and 20 show modeled results of the temperatures and mole fractions of the 

gas-phase chemistry in the SAE at 680 °C and 800 °C, respectively. The inlet and exhaust 

tubing are included in the heated region (shown in Figure 6), which contain gas-phase chem

istry at these temperatures and residence times. The inlet gases flow through heated lines 

held at 180 °C, then ramp up to 800 °C within the heater. The temperature profile was 

measured in the inlet and exhaust tubing and is not linear, and is then incorporated into the 

model. These results suggest a greater extent of homogeneous reforming at 800 °C than at 

680 °C, as expected.
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Figure 19: Modeled homogeneous gas-phase chemistry within inlet tubing, fuel channel, 
and exhaust tubing of SAE at 680 °C with S/C ratio of 2.2/1.
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Figure 20: Modeled homogeneous gas-phase chemistry within inlet tubing, fuel channel, 
and exhaust tubing of SAE at 800 °C with S/C ratio of 2.2/1.

The most prominent gas-phase products of homogeneous ethanol reaction are C2H4, 

H2, CH3CHO, H20 , CH4, and CO, respectively. It is evident from both models that ethanol
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reaction begins in the inlet tubing upstream of the catalytic region, especially at higher op

erating temperatures, with 7.5% and 68.3% of the ethanol decomposed into other products 

by the end of the reactor at 680 °C and 800 °C, respectively. Therefore, the catalytic an

ode will likely see a mixture of olefins, alkanes, steam, H2, CO and other ethanol-reaction 

products, which likely behave differently on the catalyst surface than the original unreacted 

ethanol fuel stream. It should be noted that in a heterogeneous model discussed in a later 

section, the input fuel steam was assumed to be only H2, CO, and CH4 for simplicity. This 

inconsistency is discussed in Section 4.4.

While a S/C ratio of 2.2/1 was chosen from equilibrium calculations as a starting point, 

additional homogeneous kinetic models were carried out to evaluate the effect of S/C ratio in 

the kinetic regime. Figures 21 and 22 show the modeled results of the exhaust composition 

over a range of inlet S/C ratios at 680 °C and 800 °C, respectively. The ethanol inlet mole 

fraction was held a 3.08% and the total flow rate was held at 130 seem as seen in the previous 

model, while the inlet H20 , Ar, and H2 mole fractions were adjusted accordingly to achieve 

the desired S/C ratios.

The extent of ethanol reforming over the entire range of S/C ratios at both temperatures 

was nearly unaffected by the the amount of steam present. The steam acted almost entirely 

as a diluent. While the homogeneous modeling results did not evaluate the extent of car

bon deposition, they did suggest that increased amounts of steam had virtually no effect 

on the products of ethanol reforming including known carbon precursors, such as C2H4. 

Therefore, it was concluded that the previously chosen S/C ratio of 2.2/1 was still viable for 

ethanol/steam mixtures in further experiments and modeling.
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Figure 21: Modeled gas-phase exhaust composition for SAE under a range of S/C ratios 
from 1:5 to 5:1 using an ethanol/steam fuel mixture at 680 °C.
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Figure 22: Modeled gas-phase exhaust composition for SAE under a range of S/C ratios 
from 1:5 to 5:1 using an ethanol/steam fuel mixture at 800 °C.
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4.3 Experimental Reforming of Ethanol/Steam without Transport

A series of experiments are conducted in the separated anode experiment to understand the 

reforming characteristics of a steam/ethanol mixture. The first case uses an empty manifold 

to evaluate reactions in the gas phase and catalytically on the reactor walls. The second case 

uses a dense YSZ disc to evaluate the heterogeneous chemistry on YSZ, while preventing 

transport form the electrolyte channel. The third case uses an anode/electrolyte assembly 

with transport and catalytic chemistry in the porous anode, but no transport of electrochem

ical products across the electrolyte layer, and simulated open circuit voltage in a fuel cell.

Table 3 shows the inlet flow conditions for the experiments in an empty SS/Inconel 

manifold, over a dense YSZ electrolyte disc, and over a porous Ni-YSZ anode with YSZ 

electrolyte layer. The composition of the fuel channel is a mixture of steam/ethanol (S/C 

ratio of 2.2/1 by gas volume) balanced with forming gas (FG: 3.5% %  and 96.5% Ar). The 

electrolyte-side composition is pure FG for the dense YSZ and anode/electrolyte tests, and 

there is only a fuel channel in the empty-manifold test. All flow rates are held at 130 seem 

in each flow channel and there is no transport of species across the anode.

Table 3: Summary of inlet flow conditions for empty manifold, dense YSZ, and an
ode/electrolyte experiments carried out at 680 °C, 740 °C, and 800 °C

Inlet Gas Species Electrolyte Mole Fraction Fuel Mole Fraction
h 2 0.0350 0.0274
h 2o 0.0000 0.1760
Ar 0.9650 0.7566
c 2h 5o h 0.0000 0.0400
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4.3.1 Ethanol Reforming within an Empty SS/Inconel Manifold

Figure 23 shows the results of ethanol reforming with steam within an empty SS/Inconel 

manifold and inlet conditions described in Table 3. The results show ethanol breakthrough 

at all operating temperatures (2.7%, 1.9% and 1.5% for 680 °C, 740 °C, and 800 °C, respec

tively), and at levels below the predicted values from gas-phase modeling. This suggests 

that there is some catalytic reforming within the empty reactor. Hg and CO have consistent 

trends with the gas-phase models, having higher yields at higher operating temperatures. 

There is also CO2, C2H4, and CH4 detected in the exhaust stream, but no observed carbon 

deposition within the reactor.
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Figure 23: Ethanol reforming within an empty SS/Inconel manifold at various temperatures. 
Exhaust gas compositions of the fuel channel show moderate reforming of ethanol and H2 
yield. Nominal inlet mole fractions are H2 = 0.0274, C2H5OH = 0.0400, H20  = 0.1760, and 
Ar = 0.7566. All tests were conducted at 680 °C, 740 °C, and 800 °C and 130 seem.

The homogeneous models do not predict the presence of CO2, which is measured in 

quantities around 4% in the experiments, and is likely a product of the WGS reaction, which
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may have been promoted by the manifold walls. Table 4 shows the complete reaction prod

ucts of ethanol under these flow conditions. Also, the presence of acetaldehyde (CH3CHO) 

in relatively small quantities (< 1%) is predicted by the homogeneous models, but is ne

glected in our experiments because of its calibration difficulties, with its significant health 

and flammability risks.

4.3.2 Ethanol Reforming over Dense YSZ Disc

A dense (non-porous) YSZ disc is tested under ethanol with the same flow conditions stated 

in Table 3 to evaluate the extent of heterogeneous chemistry over the YSZ. First, an experi

ment with a fixed flow raté of 130 seem evaluates the extent of ethanol reforming at 680 °C, 

740 °C, and 800 °C and a S/C ratio of 2.2/1. Figure 24 shows a photograph of the YSZ 

disc tested in this first experiment. The location of the flow channel cannot be seen in the 

picture, but is just beneath the arrow and shows no signs of carbon deposition. The only 

evidence of any deposits can be seen above the flow channel and was most likely a result of 

the glass seal.

Figure 25 shows the exhaust composition of the fuel channel. The dense YSZ disc had 

moderate reforming activity and yielded comparable levels of H2 and CO as seen in the 

empty manifold. Table 4 shows the complete reforming products of ethanol under these 

flow conditions. The levels of unreformed ethanol are still present (1.5%, 1.0% and 0.9% 

for 680 °C, 740 °C, and 800 °C, respectively) and decrease with increased temperatures as 

expected. H2 and CO yield increased with higher operating temperatures, consistent with
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Flow Direction

Figure 24: Dense YSZ disc tested under EtOH/Steam mixture with S/C ratio of 2.2/1. Tested 
from 680 °C to 800 °C and showed no signs of carbon deposition.

the homogeneous models and the empty manifold experiments. Testing at all temperatures 

showed the presence of ethylene (C2H4) and methane (CH4), also consistent with the ho

mogeneous model predictions. Ethylene was observed in slightly higher concentrations in 

the experiment over the dense YSZ disc than in the empty manifold. This may have been a 

result of the dehydration of ethanol (Equation 3) promoted by the YSZ.

A second set of experiments is conducted on the dense YSZ disc to evaluate the role of 

flow rate (residence time) on ethanol reforming at a S/C ratio of 2.2/1 and at 680 °C. These 

tests use the same inlet flow concentrations as described above, but the total flow rates are 

varied from 60-130 seem. The results are seen in Figure 26 and show a slight decrease in 

reforming as the flow rates increase, as expected.
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Figure 25: Ethanol reforming over a dense YSZ disc at various temperatures. Exhaust 
gas compositions of the fuel channel shows moderate reforming of ethanol and H2 yield. 
Nominal inlet mole fractions are H2 = 0.0274, C2H5OH = 0.0400, H20  = 0.1760, and Ar = 
0.7566. All tests were conducted at 680 °C, 740 °C, and 800 °C and 130 seem.
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Figure 26: Ethanol reforming over a dense YSZ disc over a range of flow rates from 60-130 
seem: Exhaust gas compositions of the fuel channel shows slight decrease in reforming as 
residence times are decreased. Nominal inlet mole fractions are H2 = 0.0274, C2H5OH = 
0.0400, H20  = 0.1760, and Ar = 0.7566. All tests were conducted at 680 °C.
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4.3.3 Ethanol Reforming over Ni-YSZ Anode with YSZ Electrolyte Layer

The presence of a Ni catalyst with an oxide support (YSZ) is thought to greatly promote 

catalytic reforming of hydrocarbons such as ethanol used in a SOFC anode [31]. Also, 

when the fuel cell is operating at temperature but drawing no current, there are no prod

ucts of electrochemistry generated at the triple-phase boundary. A set of of experiments is 

conducted over a porous Ni-YSZ anode with a dense YSZ electrolyte with flow conditions 

described in Table 3 to evaluate ethanol reforming with no transport from the the electrolyte 

channel. A photograph of a post-test anode can be seen in Figure 27 and has substantial 

carbon formation within the flow channel, as seen as gray powder, on the side exposed to 

the fuel stream. This is the first example of carbon forming in a regime that is predicted to 

be carbon-free at equilibrium. The anode is tested for 7 hours over a range of temperatures 

from 680 °C to 800 °C and a S/C ratio of 2.2/1.

Figure 28 shows the measured exhaust gas composition of the fuel channel. The levels 

of reforming are significantly different with the anode/electrolyte than with the dense YSZ 

anode, having levels of H2 and C 02 nearly twice as large. Table 4 shows the complete 

reaction products of ethanol under these flow conditions. Most noticeably, there was no 

ethanol breakthrough at any operating temperature. This result suggests more-complete 

reforming of ethanol with the Ni-based catalyst, as expected. The results also showed lower 

levels of methane which suggest increased steam reforming on the nickel.
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Figure 27: Porous Ni-YSZ anode with dense YSZ electrolyte layer tested under EtOH/steam 
mixture with S/C ratio of 2.2/1. Tested from 680 °C to 800 °C and showed substantial carbon 
deposition seen as gray powder along the flow channel.
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Figure 28: Ethanol reforming over an anode/electrolyte assembly. Exhaust gas composi
tions of the fuel channel shows significant reforming and H2 yield. Nominal inlet mole 
fractions are H2 = 0.028, C2H5OH = 0.04, H 20  = 0.172, and Ar = 0.76. All tests were 
conducted at 680 °C, 740 °C, and 800 °C and 130 seem.
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4.3.4 Comparison of Non-Transport Experiments with Modeled Results

To better understand the processes occurring in the SOFC system, it is important to dif

ferentiate between homogeneous reforming, catalytic reforming within the SS and Inconel 

manifold, catalytic reforming on YSZ, and catalytic reforming on a Ni-YSZ anode without 

transport. The extent of ethanol reforming is evaluated in each of these cases by compar

ing the quantities of ethanol breakthrough compared to inlet ethanol concentrations given 

in Table 3. Figure 29 shows a comparison of ethanol activity for all four cases, with steam 

removed from the modeled results to directly compare with the steam-free experimental 

results.
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Figure 29: Experimental ethanol reforming in an empty manifold, over a dense YSZ disc, 
and over an anode/electrolyte along with modeled homogeneous reforming within the SAE. 
Values are presented as ethanol breakthrough over ethanol inlet for each test. All tests and 
models were conducted at 680 °C, 740 °C, and 800°C and 130 seem.

These results suggest that there is significant reforming of ethanol within the gas phase, 

on the surface of the reactor, on the YSZ, and within the Ni-YSZ anode. First, homoge-
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neons modeling predicts the ratio of ethanol out over ethanol in values of 92.5%, 71.3%, 

and 31.7% for operating temperatures of 680 °C, 740 °C, and 800 °C, respectively. The 

experimental results for ethanol reaction within an empty manifold show further reforming, 

at levels of 55.6%, 38.1%, and 30.9%, respectively. The experimental results for the dense 

YSZ disc have more complete reforming than the empty manifold, with ethanol reform

ing levels of 29.9%, 21.0%, and 18.5%, respectively. And finally, the experiment with the 

anode/electrolyte assembly had complete reforming of the ethanol. Table 4 shows the com

plete results of ethanol reaction and reforming products in all the non-transport experiments 

from Section 4.3 and the kinetic gas-phase model.

Table 4: Summary of experimental and modeled results of ethanol reaction and reforming 
products in the gas phase, within the SS/Inconel manifold, over dense YSZ, and within an 
anode/electrolyte assembly within the exhaust of the fuel channel (N/M signifies a value 
that was not measured in the experiments)

Test Temperature h 2 EtOH CO COg C 2 H 4 CHa C2 H4 O
Gas-Phase 680 °C 0.029 0.037 0.000 0.000 0.001 0.000 0.002
Model 740 °C 0.032 0.029 0.001 0.000 0.005 0.001 0.005

800 °C 0.038 0.013 0.004 0.000 0.014 0.005 0.006

Empty 680 °C 0.068 0.027 0.024 0.031 0.002 0.010 N/M
Manifold 740 °C 0.093 0.019 0.037 0.041 0.003 0.021 N/M

800 °C 0.127 0.015 0.050 0.054 0.002 0.020 N/M

Dense YSZ 680 °C 0.049 0.015 0.005 0.035 0.004 0.012 N/M
740 °C 0.062 0.010 0.015 0.042 0.005 0.020 N/M
800 °C 0.105 0.009 0.049 0.023 0.005 0.017 N/M

Anode- 680 °C 0.132 0.000 0.021 0.079 0.003 0.010 N/M
Electrolyte 740 °C 0.173 0.000 0.031 0.111 0.002 0.001 N/M

800 °C 0.165 0.000 0.035 0.100 0.002 0.001 N/M

The extent of reacted and reformed ethanol suggests significant homogeneous chemistry 

before reaching the catalytic region, especially at higher operating temperatures. The results
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suggest catalytic activity occurring in the SS/Inconel manifold and on the YSZ, along with 

the catalytic activity occurring within the Ni-YSZ anode support.

4.4 Experimental Reforming of Ethanol/Steam with Transport

For SOFCs to operate reliably on ethanol fuel, we must understand the operating conditions 

that prevent carbon deposits observed previously in Figure 27. Experiments are conducted 

in the separated anode experiment over a Ni-YSZ anode with transport of CO2 and H20  

from the electrolyte channel. For these tests, there is a 50/50 mixture by volume of FG and 

steam or CO2 introduced to the electrolyte channel, and an ethanol/steam/FG mixture in the 

fuel channel. The operating temperature, flow rates, and S/C ratio are varied as shown in 

Table 5 and targeted the carbon-free operating window while maintaining a relatively high 

H2 yield. The flow rates for the first and third sets of experiments with varying S/C ratios are 

held at 100 and 130 seem, respectively, while the second experiment had flow rates range 

from 60-130 seem to examine the role of residence time on reforming.

The setup and operating conditions in these experiments are chosen to simulate specific 

modes of operation seen in a SOFC. The experiments have steam and C02 introduced to 

the electrolyte channel and an ethanol/steam mixture to the fuel channel, which simulate an 

operating fuel cell near peak power. The S/C ratio, flow rates, and temperatures are then 

varied to evaluate each factor on reforming properties and propensity to carbon deposition.

53



Table 5: Summary of inlet flow conditions for separated anode experiments with transport. 
680 °C and 800 °C operating temperatures with S/C ratios of 5:1, 3:1, 2.2:1, 1:1, 1:3, and 
neat ethanol with flow rates of 60-130 seem were chosen

Test Temperature
r a

Flow Rate 
(seem)

S/C Ratio Inlet Gas 
Species

Electrolyte 
Mole Fraction

Fuel Channel 
Mole Fraction

la 680 100 1:3 h 2
h 2o
c o 2
Ar
C2H5OH

0.0175
0.0000
0.5000
0.4825
0.0000

0.0292
0.0667
0.0000
0.8041
0.1000

lb 680 100 2.2:1 h 2
h 2o
Ar
C2H5OH

0.0175
0.5000
0.4825
0.0000

0.0274
0.1760
0.7566
0.0400

2a 680 63,89
103, 115 
128

2.2:1 h 2
h 2o
Ar
c 2h 5o h

0.0175
0.5000
0.4825
0.0000

0.0274
0.1760
0.7566
0.0400

3a 800 130 5:1 h 2
h 2o
Ar
C2H5OH

0.0175
0.5000
0.4825
0.0000

0.0264
0.2231
0.7782
0.0223

3b 800 130 3:1 h 2
h 2o
Ar
c 2h 5o h

0.0175
0.5000
0.4825
0.0000

0.0295
0.1338
0.8143
0.0223

3c 800 130 1:1 h 2
h 2o
Ar
C2H5OH

0.0175
0.5000
0.4825
0.0000

0.0327
0.0446
0.9004
0.0223

3d 800 130 0:1 h 2
h 2o
Ar
C2H5OH

0.0175
0.5000
0.4825
0.0000

0.0342
0.0000
0.9435
0.0223
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4.4.1 S/C Analysis over Porous Ni-YSZ Anode at 680 °C

Porous Ni-YSZ anodes are tested in the separated anode experiment at 680 °C under an 

ethanol/steam mixture with two different S/C ratios. The first anode is tested under low 

levels of steam (S/C of 1/3) introduced into the fuel channel with ethanol, and had C02 

diffusing from the electrolyte channel as described in Test la  to simulate dry reforming. 

The second anode is tested under much higher levels of steam (S/C ratio of 2.2/1) entering 

the fuel channel, and additional steam diffusing from the electrolyte channel as described 

in Test lb to simulate steam reforming. The two experiments are run at extreme low and 

extreme high water content to analyze the effect of steam on internal ethanol reforming on 

the anode. Photographs of the Ni-YSZ anodes exposed to the ethanol-steam mixtures are 

shown in Figure 30.

It is clear from the photographs that both anodes accumulate carbon deposits on the fuel 

side of the anode, seen as dark powder along the flow channel, where ethanol and ethanol- 

reforming products are in direct contact with the catalytic surface. The photographs also 

show that Anode 2 from Test lb has less carbon deposition than Anode 1 from Test la, 

likely caused by much higher levels of steam available in the reforming processes. This is 

another example of carbon forming in a regime predicted to be carbon-free at equilibrium. 

There is also a significant decrease in carbon accumulation along the length of the flow 

channel in the direction of flow (especially on Anode 2), with the inlet accumulating more 

deposits than the outlet. The inlet of the fuel channel likely accumulates more deposits 

because it is exposed to a fuel stream with higher levels of carbon precursors (C2H4), while 

the outlet is exposed to a fuel stream with many of these precursors already consumed.
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Figure 30: Photograph of planar anodes that have been reduced and exposed to ethanol 
fuel with different steam/fuel ratios at 680 °C and 100 seem. Anode 1 was tested under 
low levels of steam (S/C 1/3 by volume) in the fuel channel and 50% C 0 2 diffusing from 
the electrolyte channel, and Anode 2 was tested under high levels of steam (S/C 2.2/1 by 
volume) in the fuel channel and 50% H20  diffusing from the electrolyte channel. Both 
anodes accumulated carbon in their flow channels, but Anode 2 accumulated fewer deposits 
due to higher levels of steam.

The exhaust gas composition of both the fuel channel and electrolyte channel of Test 

lb (S/C ratio of 2.2/1) can be seen in Figure 31 after 1 hr of exposure to the reactants. 

The results show no ethanol breakthrough on either side of the anode suggesting complete 

reforming. While comparable levels of H2 were measured on both sides of the anode, lower 

levels of CO and CH4 reached the electrolyte channel than are seen in the fuel channel.

4.4.2 Experimental vs Modeled Flow Rate Analysis over Ni-YSZ Anode at 680 °C

Experiments are conducted on a Ni-YSZ anode at 680 °C and a 2.2/1 S/C ratio to analyze 

the effect of flow rate and residence time on ethanol reforming. The inlet concentrations 

were held fixed as shown in Test 2a in Table 5, and the flow rates were varied to highlight
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Figure 31: Ethanol reforming results in the fuel channel and electrolyte channel over Ni- 
YSZ anode at 680 °C and 100 seem with a S/C ratio of 2.2/1.

reaction kinetics by changing the relative residence times in the flow channels. The lower 

flow rates allowed a longer residence time and more complete reforming without reach

ing equilibrium conditions. The higher flow rates had lower residence times, but still had 

significant reforming. These flow rates were higher than typical fuel cell flow rates in or

der to prevent equilibrium conditions and highlight reaction kinetics within the anode. The 

experimental results were then compared to heterogeneous modeling results described in 

section 3.3 that were carried out under identical conditions. The inputs to the heterogeneous 

model were the values collected in our anode characterization section (Section 4.1), which 

provided accurate anode-transport characteristics.

The gas composition of the fuel and electrolyte exhaust streams is shown as symbols 

with dashed lines in Figure 32. No ethanol was found in the exhaust from either stream, 

while significant levels of H2, CO, C 0 2, and CH4 are detected. Model results predict com-
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plete reforming of the ethanol and are in agreement with the experimental results that cap

tured only trace amounts of ethanol in either flow channel. In general, the model shows 

good correlation with the experimental results over the range of flow rates.

The kinetic processes are observed over the range of flow rates, showing more complete 

reforming with the lower flow rates. Under higher flow rates, the residence time decreased 

and caused less-complete reforming of the ethanol. This resulted in lower levels of H2 

production. Also, lower levels of H2, CO, and CH4 were observed in the electrolyte-channel 

exhaust than the fuel-channel exhaust, as expected.

Model and experiment were found to differ in the CO / C02 selectivity in the anode 

channel, with the model predicting half the experimental value. The predicted values of CO 

are lower while those of C 02 are higher than the experimental values by approximately 1.5% 

of the total mole fraction. The assumption used by the model that pure ethanol reached the 

catalytic surface and quickly decomposed to H2, CO, and CH4 most likely did not capture 

the chemistry from the gas-phase reactions. Also, the model used a surface mechanism 

for CH4 (not EtOH) on Ni, and likely did not accurately display surface chemistry. As a 

complete ethanol mechanism evolves, the cause of this discrepancy between the model and 

experimental results should become clearer.
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4.4.3 S/C Analysis over Porous Ni-YSZ Anode at 800 °C

With visible carbon deposition on the surface of all the Ni-YSZ anodes tested at 680 °C, it 

was decided to run the third set of experiments at 800 °C to achieve carbon-free operation 

and examine ethanol reforming at this common SOFC operating temperature. The anodes 

are tested at S/C ratios of 5/1, 3/1, 1/1, and with neat ethanol entering the fuel channel 

and a 50%/50% mixture of steam/FG entering the electrolyte channel. Figure 33 shows 

photographs of the anodes tested at 800 °C in Test 3a, 3b, and 3c (5/1, 3/1, 1/1).

Gas Flow

Anode 2 
S/C 3:1

Figure 33: Photographs of porous Ni-YSZ anodes at S/C ratios of 5/1, 3/1, and 1/1 show no 
surface carbon deposition at 800 °C and 130 seem. Nominal inlet mole fractions for the fuel 
channel were C2H5OH = 0.0233, and H2, H20 , and Ar are varied to achieve the desired S/C 
ratios. Nominal inlet mole fractions for the electrolyte channel were H20  = 0.5, Ar = 4825, 
and H2 = 0.0175.

All three Ni-YSZ anodes tested with steam show no visible signs of carbon deposition on 

the surface. These results agree with equilibrium calculations and suggest that it is possible 

to achieve carbon-free operation over 7 hr tests under ethanol at 800 °C with S/C ratios as 

low as 1/1 in the fuel channel along with steam from the electrolyte. While the effective 

S/C ratio (combined steam from the fuel channel and electrolyte) is not measured explicitly, 

the heterogeneous model results shown in Table 6 offer insight into the amount of steam
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present. Steam is likely generated in chemical reactions within the anode and also diffuses 

from the electrolyte channel to increase the overall S/C ratio.

Table 6: Summary of steam levels from heterogeneous model over a Ni-YSZ anode carried 
out at 800 °C, 130 seem, and 5/1, 3/1, and 1/1 S/C ratios for the inlet

Test Inlet/Outlet Fuel Channel 
S/C Ratio

Fuel Channel 
H20  Mole Fraction

Electrolyte Channel 
H20  Mole Fraction

3a Inlet 5:1 0.2231 0.5000
Outlet 5.2:1 0.2298 0.4303

3b Inlet 3:1 0.1338 0.5000
Outlet 3.7:1 0.1642 0.4166

3c Inlet 1:1 0.0446 0.5000
Outlet 2.2:1 0.1001 0.4028

With the effective S/C ratios calculated, these experiments suggest that carbon formation 

can be prevented under ethanol fuel on a Ni-YSZ anode at 800 °C with an effective S/C 

ratio of 2.2:1. It should be noted that certain assumptions are made when calculating the 

effective S/C ratio in Table 6 (seen at the outlet), so these values are approximations. First, 

the S/C ratio was calculated by dividing the inlet ethanol concentration (2.33%) by the 

modeled outlet steam concentration from the fuel channel. The carbon values used for 

the S/C calculations were likely higher than the actual values, because some of the carbon 

species diffused across the anode. This would make the effective S/C ratios lower than 

stated above, suggesting that effective S/C ratios are a conservatively high estimate in the 

amount of steam needed to prevent carbon. Also, as discussed earlier, the model uses a CH4 

(instead of EtOH) reforming mechanism on Ni, which may significantly affect the quantities 

of steam generated. Finally, the model only predicts the outlet exhaust compositions, so the 

S/C ratio along the axial direction (or through the porous structure) was not analyzed.

After evaluating the effective S/C ratios using modeling. Figure 34 shows the experi-
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mental exhaust gas compositions of the fuel channel. It is clear from these results that there 

is no ethanol breakthrough, suggesting complete reforming of ethanol. Increased levels of 

steam appear to increase the concentration of CH4, but decrease the concentration of H2. 

CO and C 02 were the only other notable product species.

8%

EL 7%
0 3 :1

w 6%

5%

€  4%

In let MF 
EtOH

3% -

2 2%

0%
Outlet MF H2 Outlet MF EtOH Outlet MF CH4

Figure 34: Ethanol reforming products within the fuel channel over Ni-YSZ anodes at S/C 
ratios of 5/1, 3/1, and 1/1 at 800 °C and 130 seem. Nominal inlet mole fractions into the fuel 
channel are C2H5OH = 0.0233, and H2, H20 , and Ar are varied to achieve the desired S/C 
ratios. Nominal inlet mole fractions to the electrolyte channel are H20  = 0.5, Ar = 0.4825, 
and H2 = 0.0175.

The heterogeneous model used to calculate the effective S/C ratio was also used to eval

uate the exhaust compositions under these conditions. While model predictions were rela

tively close to experimental results, the trends did not match. This inconsistency provided 

another example of where the heterogeneous model could better match the experimental 

results. By using a surface mechanism specific to ethanol on nickel and incorporating ho

mogeneous reactions upstream of the catalytic region, the model predictions and experi

mental results could more accurately align, providing a better understanding of the internal 

processes within the anode.
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CHAPTER 5 

CONCLUSION

The homogeneous and heterogeneous processes occurring in a SOFC system are studied 

experimentally and supported by modeling. First, a characterization of the Ni-YSZ anode 

is carried out to understand the specific transport properties of the anode. Then, equilib

rium calculations are conducted to evaluate the temperature window and S/C ratio where 

carbon deposition is thermodynamically unfavorable. Next, a set of homogeneous models 

is completed using specific flow conditions and temperatures seen in the separated anode 

experiment to predict the extent of ethanol reforming in the gas phase. Then, a series of 

experiments is completed in the SAE to decouple the reactions occurring within the empty 

manifold, on the YSZ, and on the Ni-YSZ surface. A final set of experiments is conducted 

on a separated Ni-YSZ anode to analyze the effect of steam-to-carbon ratio, flow rate, and 

temperature on the propensity for carbon deposition and extent of ethanol reforming.

From equilibrium calculations, a S/C ratio of 2.2/1 is chosen as a starting point for 

modeling and experimentation to prevent carbon deposition. With this level of steam and 

at operating temperatures of 680 °C, 740 °C, and 800 °C, homogeneous modeling predicts 

significant gas-phase reforming upstream of the catalytic region. Also, experimental results 

suggest catalytic reforming on the SS tubing, Inconel manifold, and dense YSZ disc. As 

expected, there is significant reforming on the surface of the Ni-YSZ anode.

Our next set of experiments analyzes the propensity for carbon formation and extent 

of ethanol reforming over a porous Ni-YSZ anode at various S/C ratios, flow rates, and

63



temperatures. Experimental results from S/C ratio tests after 8 hr of operation at 680 °C 

showed decreased levels of carbon deposition with increased S/C ratios. Experimental re

sults from the ftow-rate analysis at 680 °C show decreased ethanol reforming (and produc

tion of H2) with increased flow rates. These results are also compared to a heterogeneous 

model based on the results from the anode-characteriztion experiments. The heterogeneous 

model matches closely with the experimental results for the majority of reforming products. 

Finally, experiments analyzing S/C ratio at 800 °C suggest that ethanol can be internally 

reformed on a Ni-YSZ anode without carbon deposition as long as there is adequate steam 

in both the fuel stream and diffusing from the electrolyte.

The entire SOFC system must be taken into account when evaluating the reforming 

and transport processes. Therefore, a combined homogeneous and heterogeneous model 

that agrees with experimental results is important when developing improved, stable anode 

structures for new solid-oxide fuel cells.

5.1 Experimental and Modeling Improvements

The areas that need major improvements for the separated anode experiment and modeling 

have been highlighted above, but certain aspects are more urgent than others. First, the mass 

spectrometer (MS) is not ideal for quantitative measurements. There are large amounts of 

overlap in the mass spectrum between the reformed species, and it is difficult, to quanti

tatively analyze the results. I would suggest coupling a gas chromatograph (GC) onto the 

exhaust sampling stream to get more quantitative results.
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Second, it has been necessary to drop out all of the water before sending the exhaust 

stream to the MS to protect it from damage. When the water is dropped out, it is difficult 

to back calculate the amount of steam generated during chemistry within the reactor. I 

have two suggestions for solving this problem; installing a humidity sensor in the exhaust 

line before the steam is pulled out, or running the exhaust stream with steam still present 

to a flame ionization detector (FID) in the GC, which is compatible with water. Also, the 

inlet water concentration could be controlled more accurately by using a pump instead of 

absorbing it into a carrier stream within a temperature-controlled vessel.

Third, the experiments conducted in the empty SS/Inconel manifold suggested catalytic 

activity. It would be easier to evaluate the reforming processes if all the catalytic activity 

was limited to the anode. I would suggest installing inert lines in all the regions that see 

temperatures >300 °C and replacing the Inconel manifold with an inert material, such as 

alumina.

Fourth, evaluating carbon deposition is critical to understanding the deactivation of the 

anode. In our study, we visually inspected the anode surface for deposit accumulation. 

Using an alternate method, such as temperature-programmed oxidation or reduction (TPO 

or TPR), would provide quantitative information in analyzing the amount of carbon formed. 

Thermogravimetric analysis (TGA) could also be used to evaluate an anode sample with 

carbon deposition to quantify the accumulated carbon.

Finally, there are predicted product species, namely acetaldehyde (C2H4O), that were 

not calibrated for because of their fire and health risks. Calibrating for all the expected
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ethanol reforming products would give more accurate results.

5.2 Future Work

The separated anode experiment offers valuable insight into the reaction chemistry and 

transport within a SOFC anode under realistic operating conditions. Another promising 

ethanol reforming technique is catalytic partial oxidation (CPOX), with co-fed oxygen re

ducing carbon deposits in SOFC applications and eliminating the need for F^O storage [11, 

18].

Another goal is to develop a reaction mechanism of ethanol over Ni, which would greatly 

improve the heterogeneous transport.models currently used. Continued collaboration with 

Deutschmann et al. [23] may lead to an ethanol mechanism on Ni that can be reliably used 

in modeling the surface chemistry.

A final goal is to improve the anode architecture and develop improved anode materials 

to prohibit carbon deposition and provide high %  and CO yield, high levels of transport, 

and good structural integrity. Therefore, testing new anode materials, such as high surface 

area (HSA) ceria supports [11], or anodes with catalytic layers under ethanol and other hy

drocarbon fuels would help SOFCs become more fuel flexible and have extended operating 

lifetimes.
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APPENDIX A

A.l Application of Barrier Layer

A series of experiments are conducted on a Ni-YSZ anode with a porous YSZ barrier layer to 

analyze the effects of a barrier layer on reforming of ethanol/steam mixtures. For application 

of the porous YSZ barrier layer, the same process steps were taken as when adding the 

electrolyte layer. The only difference was that the bisque-fired anode was dip coated into a 

porous YSZ slip. To create the thin, porous barrier layer, the slip was prepared composed 

of 12 g of YSZ (Tosoh TZ8Y), 1.2 g of 6- micron-diameter polymethylmethacrelate beads 

(Microbeads CA6), 1.0 g PEI defioculant solution (poly (ethyleneimine) 50% w/v in water), 

85 g ethanol, and 2.0 g Heraeus B006 binder. To promote flatness and uniform shrinkage 

during firing, the complete bisque-fired anode was dipped into a PMMA-electrolyte slip. 

While this fabrication method results in very fiat anode/barrier-layer assemblies, it also 

results in the presence of a barrier layer on both sides of the anode. One of these barrier 

layers was subsequently removed by sand blasting to completely expose the anode. The 

barrier layer applied to a Ni-YSZ anode can be seen in the SEM image shown in Figure A- 

1(b).
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A.2 Ethanol Reforming over Ni-YSZ Anode with YSZ Barrier Layer

Previous studies [20, 21] have shown that addition of a chemically inert, porous barrier layer 

to the anode substrate can serve to trap water vapor within the anode structure, thereby re

ducing the propensity of deposit formation. To examine this further, experiments were 

carried out on a Ni-YSZ anode with a porous YSZ barrier layer under ethanol fuel and the 

same flow conditions as with the Ni-YSZ anode. As shown in the SEM image from Fig

ure A -l, the barrier layer has lower porosity than the Ni-YSZ anode and limits the transport 

of larger molecules.

Figure A -l: SEM images of Ni-YSZ anode without (a) and with (b) a porous YSZ barrier 
layer. Ther upper portion of (b) shows the barrier layer and the lower portion shows the 
porous Ni-YSZ anode support.

A Ni-YSZ anode with a porous YSZ barrier layer can be seen on the left side of Fig

ure A-2, compared with the dense YSZ disk on the right side. Carbon formation was not 

prevented using the barrier layer after 8 h of operation. The carbon appears to have a differ

ent color and texture than the carbon-deposits on the Ni-YSZ anode from Figure 30. This 

suggests that it could be a different form of carbon. Temperature-programmed oxidation



testing can differentiate the carbon species on the surface and give a clearer picture of the 

cause of carbon formation.

Figure A-2: Photograph of dense YSZ (right) and Ni-YSZ with porous barrier layer (left) 
anodes operated under ethanol fuel at 800°C. The dense YSZ anode prevented carbon for
mation while the Ni-YSZ anode with barrier layer accumulated deposits.

The extent of ethanol reforming is seen in Figure A-3 and shows slightly less H2 and 

CO yield compared to the Ni-YSZ anode, and greater H2 yield than the dense YSZ. Further 

experimentation is necessary to target the optimal, deposit-free operating window for this 

process.
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Figure A-3: Experimental results for ethanol reforming within a Ni-YSZ anode with porous 
YSZ barrier layer. Exhaust gas compositions of the fuel channel (upper) and electrolyte 
channel (lower) show the reforming and transport within the anode. Nominal inlet mole 
fraction to the fuel channel are H2 = 0.028, C2H5OH = 0.04, H20  = 0.172, and AR = 0.76. 
Nominal inlet mole fraction to the electrolyte channel are H2 = 0.0175, AR = 0.4825, and 
H20  = 0.5. All tests were conducted at 800°C.
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