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Improvements have been made to the fuel cell power module (FCPM) within the SOFC
cogeneration simulation code developed under the umbrella of the International Energy
Agencies Annex 42 project. The main objective of the improved model developed here
is to increase generality and applicability, and to decrease reliance on empirical data. A
semi-mechanistic model has been developed to represent a nominal 5 kW tubular SOFC
stack power module. This model has been implemented into the building simulation
software ESP-r. Results illustrating the FCPM system performance as it relates to the
output power required by the building as well as results from a number of different
operating scenarios are presented in this study. Actual tests performed on a 5 kW SOFC
unit were used to validate the model. The simulation results are found to correlate well
with experimental observations. The improved model also allows for manipulation of

operational parameters such as fuel utilization, excess air ratio and temperature as well as
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physical parameters such as cell dimensions and materials. Results from sensitivity and
parametric simulations are also presented to demonstrate the enhanced capabilities of the

model.



Table of Contents
SUPEIVISOrY COMMITIEE .....ecviiiie ettt ettt e sae e e sre e ii
AADSTIACT. ...t iii
Table OF CONTENTS .......cuiiiieicc ettt Vv
LISE OF TADIES ... viii
TSy A0 1o U] TSSO iX
INOMENCIALUTE ... bbbttt Xi
ACKNOWIEAGMENTS ...t e et e e ns XiX
(@4 0 F=T o) (-] ST SS P 1
1.1 IMIOBIVATION ...ttt ettt sttt et et e e seee bt e e eaeenaeenee 1
1.1.1 The Case for Residential Cogeneration ..............cceeeveeeieenieenieeneeenieennneenn. 1
1.1.2 Current Cogeneration model and Need for Improvements........................ 3
1.2 Literature Review- SOFC Modeling Techniques ...........ccccccvevvieviienieeniieneeenen. 5
1.2.1 Fuel Reformation ...........ooveiieiiioiiiieeceeeeeee e 7
1.2.2 SOFC Unit Cell Modeling .........cccueevvieriieiiieniieiieeie e 11
1.2.2.1  Model COMPIEXILY ...ccveererieiieiiieiieeieeite ettt sere e e ene 12
1.2.2.2  Electrochemical ANalySes..........ccceereiiiriieriieriienieeiieeie e sre e eve e 14
1.3 Stack and System level SOFC modeling ...........ccoeevveviieeiienieniiienieeieenee e 20
1.4 Research ODJECHIVES....ccuuieiieiiiiiiieciieeieeriee ettt et ae e e enaeebee e 22
(O 0 T-1 o] (-] ST 23
2.1 OVErVIEW Of ESP-T ..ot 23

2.2 FCPM Electrical EffiCiency........cccoooieeiieniiiiieiieeieeieecee et 25



vi

2.3 Improvements to the Treatment of the FCPM Electrical Efficiency................ 27
2.3.1 Balance of Plant .........c..ooiiiiiiniiiinieeeeeeee e 28
232 FUel Cell StaCK.....c.eiiiiiiiieiiiieiee et 31
2.3.2.1 Reformation of methane and other hydrocarbon fuels .............c..cceneee.e. 31
2.3.2.2  Activation Polarization ...........cccccecerieiieniiniinieeeneeeeeeeee e 33
2.3.2.3  ORMIC LOSSES.cuutiuiiiiiiiiieiiiesieeieeeste ettt et 35
2.3.2.4  Concentration Polarization.............cceceeveriiriinieniienienieniencceeeesieee e 36
2.3.2.5  Stack RESISTANCE....cc.eeruiiiiiiiiiiiiieiesiceie ettt 40
2.2.3.6  FCS EffICIENCY ...eeiuiiiiiiiieeiieeie ettt ettt ettt st 40

2.4 Temperature MOdel...........oocuieiiiiiiiiiiciiee et 41

2.5 FCT Experimental RESUILS.........cccoeviiiiiiiiiiiiieieie e 45

(@4 0= T 0 (=] g ST 49

3.1 Single Cell Model RESULLS ........coeiieiiiiiiieiiecieeeece ettt 49

3.2 StaCk RESULLS ....eeieeieeiieeiee et 51

33 SyStemM RESUILS ..ottt 55

3.4  Demonstration of Improved Model Capability........c..cccceeciiniininiininnininene 56
3.4.1 Impact of Fuel Utilization on System Performance...........c.cccoccevuvriininnennene 57
34.2 Set Point TeMPETature..........covevueriirieriieiinieeeieneee et 59
343 EXCESS ATl TALI0 ... ceeutieiiiieiie ettt 61

CRAPTET 4 ...t bbbt 63

4.1 ACHIVALION ENEIZY ...eeiiiiiiiiieiie et 63

4.2 CONAUCTIVIEY c.etiuiiiiiiiteeteieterte ettt ettt ettt et ettt sbeenaeeaeen 65

4.3 DT USTION et e e e e e e e e e e e e e e e e e e e e e aaeeeaaaeeeeeeeeaeaanas 67



vil

4.4 Cell DIMENSIONS . ...cetiriiiriieieeiesiteie ettt ettt ettt et be et sbeenbeeaee 68
(@4 0 F-T 0] (-] TSR 71
5.1 CONCIUSIONS ...ttt ettt sttt ettt st sbt et sbeenbeeatesaeens 71
5.2 ReCOMMENAATIONS .. .coutiriiiiieiiiriieieeie sttt ettt ettt et sttt sbe e e e 73
RETEIENCES ...t 75

YN o] 0 1=1 [0 | A S SSPSSRSSSSPRI 79



viil

List of Tables

Table 2.1 Coefficients used to determine P . .n, (Equation 2.6). These coefficients were
generated from the NRCan experimental data presented in Figure 2.1.......ccccccevieiennn. 29

Table 3.1 Calibration and validation operation parameters measured during each of the
NRCan experimental runs using the FCT system. The parameters are averages of the

values collected over the course of the experiments which ranged in length from 1-10 hrs.
52

Table 4.1 Operating parameters, used in sensitivity analysis. ........ccccceveeverveneeneeseeneenn 63

Table 4.2 Effect of conductivity and layer thickness on total equivalent ohmic resistance
1N @ SINELE SOFC CEIL ..ot e aae e eaaeeeas 66



1X

List of Figures

Figure 1.1 Schematic giving generic configuration for the FCPM...........ccccccoviinieinnnne. 4

Figure 1.2 Schematic of Siemens Westinghouse tubular SOFC cell (source:
http://www.powergeneration.siemens.com/products-solutions-services/products-
PACKAZES/TUCI-CRILS)....eiueiieiiieciiicieee et et et eebeesaaeenbeeee 6

Figure 2.1 NRCan experimental results for DC ancillary draws of the FCPM BOP
components and power loss due to voltage drop between the FCPM and the PCU plotted
against P,;. Results for the two losses as a function of P,; predicted by the model using
equation 2.6 and the values intable 2. 1. .......cccoiiiiiiiiiiieii e 30

Figure 2.2 Equivalent resistance circuit from Campanari and Iora, (2004) for a single
SOFC tUDE. ...ttt sttt s 36

Figure 2.3 Temperature degradation in the SOFC stack vs. time for the FCT system
when it was allowed to cool. The data was collected by NRCan. The exponential
equation used to derive the time constant is also presented along with its R? value. ....... 48

Figure 3.1 Cell polarization as a function of current density at a temperature of 1245 K
ANA Ur0f 0.75. oo 50

Figure 3.2 Comparison between model and experimental voltage vs. current density
results from Kendall et al. (2004). The results are presented for two temperatures 1213
and 1273K with fuel utilization of 0.85 and a 0.11/0.89 water/methane fuel mixture. .... 51

Figure 3.3 Comparison of model and NRCan experimental results for voltage vs. current
performance of the SOFC Stack. ........ccviviiiiiiiiiiiieieeeee e 54

Figure 3.4 Comparison between Siemens and NRCan experimental data. Results are
presented on a per cell bases, showing voltage vs. current density. .........ccceeeevveerieennnnnne 55

Figure 3.5 Comparison of model and NRCan experimental results for stack.nrcpm as a
FUNCEION OF Plo oo et e e e e e e e e et e ee e s e e e e e ea e aeeeseeeeeeeaenaaaseaeaeees 56

Figure 3.6 Simulation results showing the effect of Ur on a) voltage and ngcpm b) average
StACK TEMPETALUTE. ....eueieiieiiieiie ettt ettt ettt ettt et e et e et e st e et eenbeebeesateebeeenseennes 59

Figure 3.7 Simulation results showing the effect of average temperature on voltage and
10 1Y 61

Figure 3.8 Simulation results showing the effect of excess air ratio on voltage and ngcpm.
........................................................................................................................................... 62



Figure 4.1 Voltage losses due to activation polarization for varying anode activation
ENETZY VAIUCS. ..veiiieiiiiieiie et eeiee ettt e ettt e e e et eesaeeesaeeessaeeesseeessaeessseeessseesnsseennseeanns 64

Figure 4.2 Voltage losses due to activation polarization for varying cathode activation
ENETEY VAIUCS. .oeeiiiiieiiieiieeie ettt ettt et et e e et esb e e e sbe e bt esabeesbeeeaseenseesnseenseannns 65

Figure 4.3 Voltage losses due to concentration polarization for varying cathode limiting

CUITENE AETISTEIES. ..uutieuiteeiiietie ettt ettt et ettt et et e et e e bt e et e esbeesabeesbeeeabeesaeesabeenbeeenneennee 67
Figure 4.4 Cell voltage vs. current for % change to cathode thickness. .........c...ccccceueee. 68
Figure 4.5 Cell voltage vs. current for % change to anode thickness. ............ccccccereennnn. 69

Figure 4.6 Cell voltage vs. current for % change to electrolyte thickness........................ 70



X1

Nomenclature

A
Acell

Aint

CH,
C.H,

co

E act
E a,reform
E g

Ej

Constant for equilibrium constant calculation (K™
Area perpendicular to current flow (cm?)

Area perpendicular to current flow for the interconnect (cm?)
Constant for equilibrium constant calculation (K)
Permeability

Constant for equilibrium constant calculation (K?)
Concentration (mol-m™)

Chemical formula methane

Chemical formula generic hydrocarbon

Chemical formula carbon monoxide

Chemical formula carbon dioxide

Constant for equilibrium constant calculation (K™
Effective diffusion coefficient (cm?'s™)

Binary diffusion coefficient (cm*s™)

Knudsen diffusion coefficient (cm?'s™)
Degradation term for nrcpm

Constant for equilibrium constant calculation
Open circuit voltage (V)

Activation energy (kJ)

Activation energy reformation rate equation (kJ-mol™)
Energy generated within system (W)

Theoretical maximum voltage based on the LHV of the fuel (V)



E; Energy into system (W)

E,u Energy out of system (W)

E, Nernst potential voltage (V)

E; Energy storage in system (W)

F Faradays constant (coulombs -mol™)

Af 21 Standard enthalpy of formation (J-kmol™)
gr Gibbs free energy (kJ)

H Enthalpy flow (J-kmol™-s™)

H>O Chemical formula water

H Chemical formula hydrogen

h Molar enthalpy in (J-kmol™)

i Current density (A-cm?)

Teen Cell current (A)

ir Limiting current density (A-cm™)

o Exchange current density (A-cm™)

J Molar species flux (mol-cm™-s™)

K, Equilibrium constant gas-shift reaction
K, Equilibrium constant gas-shift reaction

L Thickness (cm)

Loy Cell length (z-dir)

LHVer Lower heating value of the fuel (J -kmol'l)
m Empirical coefficient (exchange current density equation)

M Molar mass (kg-mol™)



Mc,
n

N
Nuir

N airstoic

Rcells-parallel
Neells-series
e

Nruel-Fcpm
N, /fuel-stack

Niel-burn
0,

p

P
Path,
Peen
Pc.ann
Pae.comp
Py

P
Piack

{skinlosses

Thermal capacitance (J-K™)

Molar flow rate (kmol's™)

Molar flow rate in (kmol-s™)

Molar flow rate of air to fuel cell stack (kmol-s™)

Theoretical amount of O, required by the electrochemical reactions
(kmol-s™)

Number of cells in parallel

Number of cells in series

Electrons per molecule of fuel
Fuel flow rate (kmol-s™)
Fuel flow rate to the stack (kmol-s™)

Fuel flow rate to the stack burner (kmol-s™)

Chemical formula oxygen

Partial pressure

Pressure (bar)

Radial distance (circumference) of the electrolyte (cm)
Cell pressure (bar)

FCPM parasitic power draw (W)

Power draw of the BOP components (W)

Power loss due to voltage drop between stack and PCU (W)
Electrical power required by power conditioning unit (W)
Electrical power produced by the fuel cell stack (W)

Heat losses (W)

Xiii



Tair,in-rcpm
Tair,in-rcv
T, amb

Trcy
Thietin-rcpm
Thietin-rcv
Tyroduct-FcPm
(UA) o

Ur

Vac[

Vcell

VCOnC‘

Vohm

Vpolarization

Universal gas constant (bar-m® K :mol™)
Coefficient of determination

Reformation rate methane (mol-s™)

Area specific equivalent ohmic resistance (Q- cm?)
Area specific ohmic resistance (Q- cm?)

Area specific ohmic resistance (Q- cm?)

Pore length (cm)

Temperature (K)

Time (s)

Temperature of the air entering the FCPM (K)
Temperature of the air entering the FCV (K)
Ambient temperature (K)

Temperature of the FCV (K)

Temperature of the fuel entering the FCPM (K)
Temperature of the fuel entering the FCV (K)
Temperature of the product gases leaving the FCPM (K)
Heat loss coefficient for radiation and convection (W-K™)
Fuel utilization rate

Activation polarization (V)

Fuel cell voltage (V)

Concentration polarization (V)

Ohmic losses (V)

Polarization voltage losses (V)

X1V



Vsr

Stack resistance voltage (V)
Molar flow rate methane (kmol‘s™)
Molar flow rate carbon monoxide (kmol-s™)

Molar flow rate hydrogen (kmol-s™)

Greek Letters

(05]

(05)

p

Bi

Y
Yreform
YH2

YH20

)

€0

€1

&
€ann-0
€ann-1
€v-o

€rv-1

Constant reformation rate equation

Constant reformation rate equation

Charge transfer coefficient

Heat transfer coefficient

Pre-exponential factor

Pre-exponential factor reformation rate equation (mol-s™)
Ratio of Binary to total diffusion

Ratio of Binary to total diffusion

Ratio of Knudsen to total diffusion

Porosity

Calibration coefficient for ngcpym calculation (W)
Calibration coefficient for ngcpym calculation (W'l)
Calibration coefficient for ngcpym calculation (W'z)
Calibration coefficient for BOP power draw (W)
Calibration coefficient for BOP power draw (W)
Calibration coefficient for BOP power draw (W)

Calibration coefficient for BOP power draw (Wh



NECPM
NEcs
Nstack
0

ﬁvair

Tt

Efficiency of the fuel cell power module
Efficiency of the fuel cell stack

Stack efficiency

Temperature difference (K)

Excess air ratio

Viscosity (g-cm™-s™)

Diffusion volume (cm?)

Tortuosity

Conductivity (Q"- cm™)

Time constant (s”)

Mole fraction

Superscripts

an

ca

Subscripts
A-B

air

an

ca

Anode
Cathode
Inlet condition

Placeholder for species (i.e. Hy, CHy4 ect.)

Molecules participating in binary diffusion

Air entering the system
Anode

Cathode

Xvi



el

fuel

int
products

stack-burn

Electrolyte

Fuel entering the system

Inlet condition

Placeholder for species (i.e. Hp, CH4 ect.)
Interconnect

Product gases leaving the system

Referring to the stack burner

Abbreviations

1D

2D

3D

BOP

CAD

DGM

ECBCS

FCPM

FCS

FCT

FCV

M

HRV

IEA

NRCan

One dimensional

Two dimensional
Three dimensional
Balance of plant
Computer aided design

Dusty-gas method

xvil

Energy Conservation in Buildings and Community Systems programme

Fuel cell power module

Fuel cell stack

Fuel Cell Technologies

Fuel cell control volume
Fick’s model

Heat recovery ventilator
International Energy Agency

Natural Resources Canada



oCcv

OPA

PCU

SOFC

STCR

Open circuit voltage
Ontario Power Association
Power conditioning unit

Solid oxide fuel cell

Steam to carbon ratio

Xviil



X1X

Acknowledgments

Thanks to Dr. Ned Djilali and Dr. Ian Beausoleil-Morrison, for the opportunity to work
on this project and their guidance throughout.

To my parents (Leon and Cindy), my brother (Andy), Erin, the rest of my family and
friends, thank you for your love and support leading up to and during the last two years.

NRCan and NSERC are also deserving of thanks, as without their generous financial
contributions this work could not have taken place.



Chapter 1

Introduction

1.1 Motivation

1.1.1 The Case for Residential Cogeneration

Solid oxide fuel cells (SOFC) are currently the subject of much interest from the research
community. This is because, 1) SOFCs have a high electrical energy conversion
efficiency compared to other similar technologies [Singhal and Kendall, (2004)] 2)
SOFCs operate at 800-1000°C generating quality thermal energy, which can be used for
further electrical conversion or heating 3) SOFCs can use a number of different fuels
including hydrogen, methane, carbon monoxide and other hydrocarbons 4) SOFCs offer
reduced emissions over other technologies because of their increased efficiency and

depending on the type of fuel, lack of combustion products.

Some SOFC applications researchers have focused on include; small scale electricity
generating plants (100kW), bottoming cycle electricity generating plants, and combined
heat and power production (or cogeneration). Each of the above mentioned topics is a
worthwhile area of research; however, cogeneration is of particular interest because it can
offer the highest over all energy efficiency.  This is accomplished through the high

electrical conversion efficiency of the SOFC unit itself combined with the use of the



thermal energy given off by the unit for heating. As a result cogeneration offers an

intriguing alternative to current power and heat generation technologies.

SOFC cogeneration is possible with any size plant, from residential (1-5kW) to power
plant (100-1000kW). Residential systems offer more immediate promise because they
can easily be incorporated into existing heating systems. On the other hand the power
plant scale build would require the installation of a district heating system, which is both
costly and difficult to do if a retrofit is necessary. Residential systems also offer the
advantages of distributed power. According to the OPA distributed power can help to
reduce peak demands as well as reduce transmission and distribution congestion [OPA,
(2007)]. Therefore, residential cogeneration has a distinct advantage over the plant scale

for becoming a viable electricity and thermal production technology.

Despite the above mentioned advantages of residential cogeneration the consumer sector
has not embraced the technology. Companies have been optimistic developing
prototypes and even fully commercial units. But, these units have not been able to make
an impact on consumers because, of issues surrounding cost, reliability, system
performance and sizing. It is hoped that as researchers improve designs, utilize more cost

effective materials, and improve reliability SOFCs will break into the market.

Researchers are using both experimental and computational techniques to improve
SOFCs. Experimentation can help with prototype, real world reliability and material

testing. Computational analysis can offer design and material insight at a much lower



cost then experimentation. Entire system simulations can also be used to determine novel
applications such as combined cycle plants [Chan et al., (2003)], system sizing, long term
cost analyses and comparisons to other technologies. Both experimental and
computational research is necessary to successfully demonstrate a technology; with the

current research focusing on the latter.

1.1.2 Current Cogeneration model and Need for Improvements

For the purpose of evaluating the use of SOFC cogeneration systems serving residential
buildings, an integrated modeling approach accounting for the performance of the
coherent SOFC cogeneration device as well as its interaction with the building
environment is required. The development of such a model was one of the objectives of
Annex 42 of the International Energy Agency’s Energy Conservation in Buildings and
Community Systems programme (IEA/ECBCS). Natural Resources Canada (NRCan) is
a member of Annex 42. NRCan developed a generic model to represent the SOFC
cogeneration system (Annex 42 model). The Annex 42 model was then implemented in
the building simulation software ESP-r [Kelly and Beausoleil-Morrison, (2007)]. ESP-r
is an open source building simulation software tool available at

http://www.esru.strath.ac.uk/.

The Annex 42 model consists of 12 control volumes. Each control volume represents a
different system component, i.e. the air supply blower, fuel compressor, the heat recovery
device, etcetera. A full description of each of the control volumes is given in [Kelly and

Beausoleil-Morrison, (2007)]. The Annex 42 model allows in principle the simultaneous



evaluation of both the thermal and electrical characteristics of the system. The focus of

this work is to improve the Annex 42 model, via reworking how the model characterizes

the performance of the fuel cell power module (FCPM). The FCPM consists of the

SOFC stack as well as balance of plant (BOP) components. The BOP components can

vary between designs, Figure 1.1 presents one possible configuration.

FCPM contiol voligme
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H o FCO
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Figure 1.1 Schematic giving generic configuration for the FCPM.

Presently, in the Annex 42 model, the FCPM electrical efficiency is used to determine

pertinent system characteristics such as the fuel/air supply rate and the parasitic losses of

the FCPM. However, this key design component is calculated using curve fitting

equation [Kelly and Beausoleil-Morrison, (2007)]:

Nrcon = (&0 + &P, + 52P;) — Deg

(1.1)




where 7nrcpm 1s the FCPM electrical efficiency, ¢, are the empirical coefficients, which

can be determined experimentally and Deg is the degradation term(discussed further in
Chapter 2), P, is the electrical power required by the power conditioning unit (PCU).
This equation was calibrated using experimental results collected by NRCan on fuel cell
technologies (FCT) SkW SOFC system. Therefore, the Annex 42 model can only be
used with certainty within the limits of those experiments; i.e. the corresponding P,
access air ratio, fuel utilization and temperature ranges. In other words, only systems
calibrated using experimental data can be considered; hypothetical systems can not be

evaluated, limiting the model’s power as a simulation tool within ESP-r.

1.2 Literature Review- SOFC Modeling Techniques

For any researcher attempting to model an SOFC the electrochemistry of the reactions,
thermal, electronic and ionic properties of the materials, as well as fuel and oxidant flow
must be considered. As a result, SOFC modeling is a multi-disciplinary field requiring
expertise from chemists and electrical and mechanical engineers alike. Modeling of a
SOFC can range from a simple thermodynamic set of equations [Akkaya, (2007), Chan et
al., (2001), Yoon et al., (2007), Ivanov, (2007), Calise et al., (2006), Tanaka Kim et al.,
(2000), Campanari (2001)] to a system governed by species, energy, and momentum
transport [Suwanwarangkul et al., (2004), Damm and Fedrov, (2006), Nikooyeh, (2007)],
Bessler, (2007)]. Each method has its place in research depending on the nature of the

problem and desired outputs of the model.



The following sections present an examination of SOFC modeling techniques. Hydrogen
reformation is first analyzed as it pertains to SOFCs. Cell level models are then
discussed in great detail. Models ranging from zero-dimensional to three-dimensional
(3D) are considered. Finally, modeling as it pertains to the stack and system level is
explored. The literature review focuses on tubular SOFCs as they are the subject of the
current research. Figure 1.2 presents a general schematic of a tubular SOFC. In the
discussion of the various models the radial coordinate system will be used. The direction
running along the length of the tube will be considered the z-dir, the radius of the tube the
r-dir and the curvature of the tube the 0-dir. The modeling techniques described herein

will be used to develop an improved FCPM representation for use in the Annex 42 model.

Cathode interconnection

_ Electrolyte
Air
electrode
(cathade)

Adr flow Fuel electrode {anode)

Figure 1.2 Schematic of Siemens Westinghouse tubular SOFC cell (source:
http://www.powergeneration.siemens.com/products-solutions-services/products-
packages/fuel-cells).



1.2.1 Fuel Reformation

SOFCs can operate using a variety of fuels; the most common being hydrogen and
natural gas (methane), although carbon monoxide and most hydrocarbons can also be
used. If methane or hydrocarbons are used as the fuel source then they must first be
reformed to produce hydrogen and carbon monoxide. Any model which uses methane or
a hydrocarbon as its fuel must consider the reformation reactions. Both indirect and
direct internal reformers are used in SOFCs [Larminie and Dicks, (2003)]. A pre-
reformer is also often used which increases the temperature of the gas stream as well as
adding water vapour from the exhaust of the SOFC [Sanchez et al., (2008)]. The

following reactions take place in the reformation process [Larminie and Dicks, (2003)]:

CH, +H,0 - CO+3H, (1.2a)

C H_ +nH,0—nCO+ (% +n)H, (1.2b)

(n)CO +(n)H,0 - (n)CO, +(n)H, (1.3)
1

H2+502 — H,0 (1.4)

Reaction 1.2a is the reformation reaction for methane. This reaction can be generalized
for any hydrocarbon as given by Equation 1.2b. Reaction 1.3 is the gas-shift reaction,
where a portion of the reformed CO reacts with water to produce additional hydrogen.
This reaction is fast and weakly exothermic and can be evaluated using equilibrium
[Nagata et al., (2003)]. Reaction 1.4 is the electrochemical reaction which takes place in
the SOFC. Lisbona et al. (2007) found that the remaining CO from the gas-shift reaction
does not produce electricity in the SOFC and is subsequently neglected in most

electrochemical models.



The above reactions all require steam to prevent carbon from forming on the reaction
sites [Sanchez et al., (2008)]. This water can be recycled from the exhaust of the SOFC
or it can be supplied into the system. The amount of water used in reformation is usually

expressed in terms of the ratio of water to carbon or “steam to carbon ratio” [Sanchez et

al., (2008)]:

STCR = — 1120 (1.5)

Neya T hco
Where STCR is the steam to carbon ratio and # is the molar flow rate of the gases as they
enter the reformer or pre-reformer. The steam to carbon ratio can have a large influence
on reformation performance as found by [Sanchez et al., (2008)]. Sanchez et al. (2008)
reported that a steam to carbon ration of at least two is necessary to prevent atomic
carbon from forming on the reaction sites. However steam to carbon ratios above 3.5 are
also damaging as the dilution in the hydrogen content in the fuel stream will reduce cell

voltage.

Although the gas shift reaction is treated under equilibrium conditions in the literature
there is variance in the method for evaluating the reformation reaction [Lisbona et al.
(2007)]. The three approaches used to evaluate the methane reformation reaction are: 1)
to assume that the reaction is completely developed and to only consider the equilibrium
of the gas shift reaction [Campanari, (2001), Lisbona et al., (2007)]: 2) to treat the
reformation as well as the shift reaction with equilibrium [Chan et al., (2002), Zink et al.,
(2007), Massardo and Lubelli, (2000)], and 3) to use reaction kinetics for the reformation

reaction [Campanari and lora, (2004), Nagata et al., (2001), Sanchez et al., (2008)]. In



the first scenario only the gas shift reaction is considered in the model simplifying the
problem. There is evidence that this approach is reasonable considering the work of
Sanchez et al. (2008) which found that methane is mostly reformed at the cell entrance.
Within the first tenth of the cell length less then 5% mole fraction remains and by the half
way point less than 1% persists. Therefore, in situations such as zero-dimensional
models where no dimensions are given to the SOFC this first simplest approach is

acceptable.

For the case of equilibrium analysis, the following two equations are used to evaluate the

equilibrium constants of the reformation and gas shift reactions (Equations 1.2a and 1.3):

3

K = Pu,Pco (1.6)
Pcu,Pu,o

K, = 2rbeo (1.7)
PcoPu,o

where p; is the partial pressure of the respective gas and K is the equilibrium constant.
The K values for both the reformation and shifting reaction have been determined by
Bossel et al (1992) as a function of temperature:

logK = AT* + BT +CT* + DT+ E (1.8)

where T is the temperature of the reaction and A-E are constants.

Given known inlet molar flow rates for the gases and known fuel utilization for the
system Chan et al. (2002) have determined a method for solving Equations 1.6 and 1.7.

They used x, y, and z to represent the molar flows of methane, carbon monoxide and
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hydrogen in the reactions. Re-writing Equations 1.6 and 1.7 in terms of molar flow rates
and the electrochemical reaction (Equation 1.4) for determination of the hydrogen flow

the following equations are developed:

) (C01+x—y)(H;+3x+y—z)3
r :PCell I I I I 2 (19)
(CH, -x)(H,0" —x—-y+z)(CH, + H,O" +2x)
3 (C021+y)(H21+3x+y—z) (1.10)
Y (CO+x—-y)H,0' —x-y+2) .
z:Uf(H21+3x+y) (1.11)

where the chemical symbols represent the molar flow rates, P,y is the pressure of the cell,
and I stands for the inlet conditions. Equations 1.9-1.11 are a series of non-linear
equations which must be solved using numerical methods such as the Newton-Raphson
approach, MATLab or other computer software. It should be noted that in the literature
there were many instances where Equation 1.9 was not properly written [Chan et al.
(2002), Massardo and Lubelli, (2000)]. In these cases the exponent on the partial
pressure of hydrogen was not carried through (one instead of three used). It is possible
that a typo was made in one paper which was then copied over. Nevertheless, caution

should be used when considering the results of these papers.

Finally [Sanchez et al (2008), Nagata et al., (2001)] utilize reaction kinetics to describe
the rate of conversion of methane, and then equilibrium for the shift reaction. The

general form of the methane reaction rate equation is given by
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Terns = Ve Pen,” Prso” eXp(—-2) (1.12)
‘ ) ’ RT

where 7 is the pre-exponential factor, E, . 1 the activation energy in and o, and a, are
constants. The dependence of Equation 1.12 on empirically determined coefficients has
lead to varying results in the literature. Sanchez et al. (2008) compared the coefficients
from two methods [Achenbach, (1994), Ahmed and Foger (2000)] of evaluating Equation
1.12 as well as equilibrium conditions and found that there was a substantial discrepancy.
Sanchez et al (2008) proposed a mixture of the two methods, i.e. both kinetics and
equilibrium. Based on their findings the mixed model was recommended for multi-
dimensional analyses, where as equilibrium is appropriate for zero-dimensional modeling

[Sanchez et al., (2008)].

1.2.2 SOFC Unit Cell Modeling

Within the literature reviewed it was found that most SOFC modeling research pertains to
the unit cell level rather then stack or system. Unit cell models range in complexity from
dimensionless empirical equations to three-dimensional (3D) simulations solving energy,
mass, momentum and species transport from first principles. Logically as the complexity
of the model increases so does the simulation time and the knowledge of the operation
principles required by the user. For this reason it is important to understand the output
requirements of a model before the method is chosen to prevent an overly-cumbersome
representation of the system. For example if the temperature distribution is needed to
examine the thermal expansion characteristics of a novel electrolyte or electrode material,

then a detailed energy balance model using simulation software must be used. On the
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other hand if an economic evaluation of the energy provided by an SOFC gas turbine
combined cycle plant over the course of a decade is being examined then a zero-

dimensional model is sufficient.

1.2.2.1 Model Complexity

In order to properly evaluate and compare different models, model dimensionality must
be defined. In the case of SOFC modeling because of the complex nature of the problem
the domain or dimensions can be different for separate parameters. For example, a model
may have one-dimensional (1D) species diffusion, two-dimensional (2D) ohmic
resistance calculations, but still be limited to a global determination of the cell voltage
without resolution of the special distribution. In this case the model would be considered
zero-dimensional. Zero-dimensional means that the entire SOFC cell is looked at as one
volume, where reactants enter, and then leave and uniform voltage and current are
produced. A 1D model would evaluate current species concentration etcetera along one

direction usually the z-dir, and so on for 2D and 3D.

Generally, the dimensionality of a model is related to its capabilities and utilization.
Zero-dimensional models give voltage, current, power, fuel and oxidant information with
respect to the whole cell. 1D models can solve for temperature as well as voltage and
current distributions along the length (z-dir) of the SOFC tube. Both 1D and zero-
dimensional models can help improve stack operation and insulation as well as
temperature and gas recycle management [Sanchez et al., (2008), Bove et al., (2004),

Campanari and lora, (2004), Nagata et al., (2001), Jiang et al. (2006), Jia et al. (2007)].
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They can also be used at the stack and system level to evaluate cost, compare
technologies, and application testing. 2D models which provide further accuracy and
detail to the temperature and voltage/current distribution also give some consideration of
the reacts/products behaviour at the reaction sites and species distribution throughout the
cell (r-dir). These more detailed models can help optimize designs, but require CFD or
finite-element analyses (FEA) software [Suwanwarangkul et al. (2005)]. Finally 3D
models provide temperature, species, current and voltage information throughout the
entire cell. Like 2D, 3D models require the use FEA, CFD or other numerical methods.
3D models are used mostly for detailed design of cell components. Since most system
level models incorporate many component which can not all be modeled in CFD or FEA
software, 2 and 3D models are not considered for the present research [Sanchez et al.,
(2008), Bove et al., (2004), Campanari and lora, (2004), Nagata et al., (2001), Jiang et al.

(2006), Jia et al. (2007)].

The use of zero-dimensional SOFC cell models is primarily at the system level where
detailed current, voltage or temperature distribution information is not required, examples
include the works of [Chan et al. (2001), Chan et al. (2002), Chan et al. (2003) , Nagata et
al., (2001), Akkaya, (2007)]. 1D models can also be used in these situation, if
distributions of temperature, current, voltage, or species concentration (mol-m™) is
desired along the length of the cell [Sanchez et al., (2008), Bove et al., (2004),
Campanari and lora, (2004), Nagata et al., (2001), Jiang et al. (2006), Jia et al. (2007)].
In the case of the current research, control volume analyses are used for the other system

components within the Annex 42 model. These other control volumes neither give nor
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require information other then absolute current, voltage, temperature ect. Furthermore,
the desired output is on the order of total energy used in a day, month or year. Therefore

a zero-dimensional model is appropriate for the current research.

The following section will present a review of literature focusing on the electrochemical
treatment of the SOFC for a zero-dimensional model. The material is also applicable to
1D models; In the case of 1D models the electrochemical equations are solved along the

z-dir rather then over the entire cell.

1.2.2.2 Electrochemical Analyses

SOFCs generate voltage due to an electrochemical reaction. The voltage is related to the
current density of the cell, and degrades as current density is increased. The voltage
degradation is termed polarization or loss and is also a function of current density such
that:

Ve

e

0 =E. =V

votarization () (1.13)
Where Ve is the voltage produced by the cell, E,is the Nernst potential voltage,
Vypolarization are the different polarization losses which are a function of i the current density.
The losses in a SOFC can be split into three different categories; 1) activation losses
which occur at both the cathode and the anode, 2) ohmic losses at the electrodes as well
as through the electrolyte and interconnect, and 3) finally concentration losses or mass

transport losses due to diffusion limitations in both the cathode and anode [Singhal and

Kindell (2004), Larmanie and Dicks, (2002)].
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Nernst Potential
The maximum voltage that a fuel cell can achieve occurs when no current is being drawn;
this scenario is termed the open circuit voltage (OCV). This voltage is a function of the

Gibbs free energy for the products and reactants in Equation 1.4 [Larmanie and Dicks,

(2002)]:

— Ao
=281 (1.14)
nF

Where E’ is the OCV, gy is the Gibbs free energy for the reaction, . is the number of
electrons per molecule of fuel and F is faradays constant. Gibbs free energy is
temperature dependant with E° decreasing as temperature increase. Equation 1.14 does
not consider the effects of concentration or the partial pressures of the reactants and

products. If they are considered the E, term in Equation 1.13 becomes:

1

2

E =E°+ RT 1n(pH2p02
nF Ph,o

) (1.15)

Equation 1.15 gives the reversible or theoretical maximum voltage at a given temperature
and pressure. With few exceptions (e.g [Bessler et al., (2007)] in the literature reviewed

the Nernst potential is used as the maximum theoretical cell voltage.

Activation Polarization

During the electrochemical reaction of a SOFC, oxygen must undergo a charge transfer
from a neutral species to an ion; similarly hydrogen must be converted from a neutral
species to an ion and back to a neutral species (water). These reactions are quite complex

and involve many different steps including surface adsorption, desorption and surface
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diffusion [Singhal and Kindell (2004)]. The reactions occur at what is termed the triple
phase boundary (TPB). The TPB is where the micro-pores of the anode or cathode meet
the electrolyte and the gas [Singhal and Kindell (2004)] or the electrocatalyst-electrolyte
interface [Yoon et al., (2007)]. There are numerous models to describe the different
charge transfer reactions mechanisms [Singhal and Kindell (2004)]; however, an exact
representation of the reaction has yet to be developed [Singhal and Kindell (2004)].
There is a voltage loss associated with charge transfer, this voltage loss is termed the
activation polarization. The Butler-Volmer equation gives the state of the science

representation of activation polarization:

i=1i, [exp(—ﬂn%iV””’ j - exp(_ (- [;);EFV“C’ H (1.16)

where i, is the exchange current density, £ is the transfer coefficient, V,,, is the activation
voltage loss, T is the temperature and R is the universal gas constant. Typically for fuel
cells the transfer coefficient is 0.5 [Nehter, (2006), Akkaya, (2007), Chan et al., (2001),
Yoon et al., (2007)]. There are two approaches used in literature to evaluate the Butler-
Volmer equation. 1) At low current densities the Butler-Volmer equation is
approximately linear. At high current densities the Tafel equation is valid [Campanari,
(2001), Chan et al. (2001), Kim et al. (1999)]. 2) If the charge transfer coefficient is 0.5,
Equation 1.16 can explicitly be solved. The resulting expression is an Arcsine relation of
current to exchange current density. The latter represents a more accurate method for
evaluating the Butler-Volmer equation and is used in most recent literature [Yoon et al.

(2007), Nehter, (2006), Chan and Ding, (2005), Chan et al., (2003)]. The exchange
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current density (i,) can be approximated using the following semi-empirical relationship

[Campanari and lora, (2004), Chan et al. (2003), Yoon et al., (2007), Akkaya, (2007)]:

E,.
i = "exp| — — 1.17
o,an 7aan2pH20 p RT ( )
E
. 0.25 act,ca
i =7, exp| ———— 1.18
o,ca 7/cap02 p R T ( )

where v,, and vy., are the pre-exponential coefficients m is an empirical coefficient and
E,. is the activation energy, which is taken from literature. There is some debate as to
the validity of these coefficients. Campanari and Iora (2004) found that the activation
energies range in literature specifically, for the anode from 100-140 kJ/kg and 117-
160kJ/kg for the cathode. Due to the exponential nature of the equations, these ranges in
value can lead to significant changes in the activation polarization term. The exact effect
of the activation energies will be discussed further in the sensitivity chapter (4) of this

work.

Ohmic Losses

Ohmic losses are caused by the electron charge transfer in the electrodes and interconnect
and ion transfer in the electrolyte [Akkaya, (2007)]. These processes are governed by
ohms law. Resistively or conductivity (electronic and ionic) of the SOFC materials are
used to create an equivalent resistance. Three approaches for generating equivalent
resistance were found in the literature. The first is to use a constant value or fit the
resistance to data [Yoon 2007, Krumdieck et al., (2004), Padulles et al., (2000)]. The

second is given by the following equation:
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%

ohm — l(R + Rohm,an + Rohm,cz + Rion,el) (1 . 1 9)

ohm,int
where V,;, are the ohmic losses R is the area specific resistance, for the interconnect (int),
anode (an), cathode (ca) and ionic resistance for the electrolyte (e/). The above equation
is used in the majority of zero-dimensional modeling [Chan et al. (2001), Akkaya,
(2007)]. The third approach is to use an equivalent circuit to represent the SOFC. The
third method provides the most accuracy for equivalent resistance as it most resembles

the actually situation. An equivalent circuit analysis is utilized in the current research.

Both the additive resistance and equivalent circuit method require material conductivity.
Conductivity is temperature dependent, for typical SOFC materials equations based on
temperature have been developed by Ferguson et al. (1996) and the Westinghouse report,
(1981). Evaluation of these equations demonstrated that the electrolyte conductivity is
highly temperature dependent, and can be a significant loss term when the SOFC is too
cold. Therefore, ohmic losses stress the issue of accurately representing the cell

temperature.

Concentration Polarization

Concentration polarization is caused by the mass transport limitations of the reactants and
products at the anode and cathode. This phenomenon can be described considering
isothermal transport of gaseous species through porous electrodes [Virkar et al. (2000)].
The transport of the reactants and products to the reaction sites can be evaluated using the
dusty-gas model (DGM) or Fick’s law of diffusion. The DGM combines the Maxwell-

Stefan model for continuum diffusion with Knudsen free-molecular transport.
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Convective transport was also included during the derivation of the DGM model but was
neglected because total pressure change within the pores of the electrodes was taken as
zero therefore negating the convective effects on the transport [Suwanwarangkul et al.,
(2003)]. Suwanwarangkul et al. (2003) found that the DGM provided the more accurate
results then Fick’s model (FM) or the Maxwell-Stefan model alone. However, the DGM
required numerical computation where as the other two methods could be solved
analytically. Zero-dimensional models typically use the FM approach or a
simplification of the DGM [Chan et al. (2001), Chan et al., (2002), Chan et al., (2003),

Akkaya, (2007)].

The voltage loss associated with the gas transport of hydrogen and oxygen in an SOFC is
caused by the concentration disparity between the reaction sites and the bulk [Akkaya,
(2007)]. When the current draw is increased until the reaction sites are completely void
of reactants, the limiting current density is reached. The limiting current densities are
determined via the mass transport models described above (FM or DGM). The following
expressions are used to characterize the concentration losses in SOFCs as a function of

the limiting current density [Chan et al., (2001), Akkaya, (2007), Ivanov, (2004), Yoon et

al., (2007)]:
i
L S WY (1.20)
L P
Lm0
RT 1
ye = In - 1.21
conc n F ( l ) ( )
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where V., are the anodic and cathodic losses respectively and the i;’s are the limiting

current densities for each of the species.

1.3  Stack and System level SOFC modeling

The use of zero or 1D single cell electrochemical and mass transport models coupled with
1D or thermodynamic energy balances was the most common approach to stack level
modeling in literature [Braun et al., (2005), Krumdieck et al., (2004), Chan et al., (2003),
Zhang et al., (2003) , Lisbona et al., (2007), Padulles et al., (2000), Tanaka et al., (2000),
Wu et al., (2008), Bavarsad (2007)]. These models were all single cell, with the results
then being multiplied by the number of cells in the stack. The approach is difficult to
evaluate as unit cell results were compared to unit cell data. A more appropriate method
would be to compare unit cell results multiplied by the number of cells to stack level data.
Padulles et al. (2000) evaluated the ohmic losses in terms of the entire stack; however, no
details regarding the methodology used in determining those losses were included in the
paper. Many of the stack models evaluated were part of larger system level models. For
this reason the “average cell” approach is attractive as it simplifies the model. It is
however, unlikely that no voltage loss or current drop would occur at the stack level
compared to the individual cell. At the very least temperature distribution within the
stack could affect the individual cell performance. Non uniform temperature within the
cells has been considered at the stack level [Locket et al., (2003)]. A 3D simulation using
FEM and CFD was conducted in this study to evaluate the temperature distribution and
thermal stress within the stack. Results from this work however, were only used in stack

design optimization.
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System level models incorporate the SOFC stack as well as the internal reformer, and
BOP components. BOP components can include compressors, blowers, burners, and
depending on the type of system power conditioning units, turbines, or even addition fuel
cells (PEM). In the literature reviewed the SOFC system was modeled as thermodynamic
control volumes coupled with a black box equation [Zink et al., (2007), Hawkes et al.
(2007)], zero-dimensional or 1D stack model. A control volume analysis is favourable
for system level modeling for a couple reasons. First because, detailed information
regarding temperature and species breakdown within the SOFC or BOP is not desired;
only component performance for sizing, technology comparison and economic evaluation
is. Secondly, if a 2D or 3D cell or stack model were to be used then models of similar
order would need to be used for all system components for the system model to be
considered 2D or 3D. A system level model of this magnitude would be cumbersome,

time consuming to run and require much input data and knowledge about the system.

System level models have been incorporated into commercial and open source
application software such as AspenPlus™ [Lisbona et al., (2007)], ESP-r, and TRYNSYS.
SOFC system level models incorporated into Software can be used to determine how an
SOFC may interact with the electricity grid, or the building it is providing thermal energy

too. Improving upon such model platforms is the purpose of the current research.
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1.4 Research Objectives

The Annex 42 model currently provides a complete model framework which can be
calibrated to any SOFC system given experimental data. However, the model can not
evaluate changes to operating parameters such as fuel utilization, excess air ratio, or stack
temperature. The model also can not be used to evaluate hypothetic systems or
adjustments to a current design, such as, number of cells, electrode thickness, material, or
cell diameter. The aim of the current research is to improve the treatment of the FCPM
such that changes to operating parameters or even a hypothetical system can be tested
within the framework of ESP-r. This main goal will be reached by the completion of the
following research objectives;

1) Develop a semi-mechanistic model of the fuel cell stack. This model will be zero
dimensional. The model will incorporate techniques as described in the above
literature review.

2) Develop an appropriate energy balance of the fuel cell. The main purpose of the
energy balance will be to evaluate the temperature of the fuel cell and regulate
temperature through the use of the stack burner.

3) Calibrate and validate of the new FCPM model using existing experimental data.

4) Demonstrate the improved model’s capabilities.
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Chapter 2

Methodology

The current research is focused on the Annex 42 SOFC cogeneration model. This
chapter will first provide an overview of the simulation code ESP-r used in this study,
and then focus on the methodology of the new model representing the FCPM. The
empirical relation currently implemented in ESP-r for electrical efficiency will be
redefined in terms of the zero-dimensional cell model and improved FCPM energy
balance. Subsequently, each aspect of the electrochemical and thermodynamic model

will be derived.

2.1 Overview of ESP-r

The model developed in this thesis was implemented into the ESP-r simulation code. The
overall structure of the ESP-r code and the SOFC cogeneration system therein are
described in this section prior to discussing the detailed methodology for modelling the

SOFC stack.

ESP-r is an environmental and energy-use building simulation program. ESP-r is a
design tool for engineers, researcher and consultants alike. The objectives of ESP-r are to
model the built environment is such a way that “a) is realistic and adheres closely to
actual physical systems, b) supports early-through-detailed design stage appraisals, and c)

enables integrated performance assessments in which no single issue is unduly
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prominent.”  (http://www.esru.strath.ac.uk/Programs/ESP-r_overview.htm). ESP-r

utilizes the finite-volume approach to solve the conservation equations specified by the
user, in a domain (CAD) in an iterative time step method. Climate, occupant information

and control strategies can also be analyzed in ESP-r.

The Annex 42 model which has been implemented in ESP-r uses 12 control volumes to
represent two fuel cell cogeneration system configurations: one uses an SOFC and the
other a proton exchange membrane (PEM) fuel cell. The current research is focused on
the SOFC system which uses nine of the 12 control volumes. Those control volumes are
[Kelly and Beausoleil-Morrison, (2007)]:

* Fuel cell power module

* Air supply blower

* Fuel supply compressor

»  Water pump (if required for steam reformation)

* Auxiliary burner (if present upstream of the exhaust-gas-to-water heat exchanger)

» Exhaust-gas-to-water heat exchanger

+ Battery system (for electrical storage)

* PCU (for converting the fuel cell’s DC electrical output to AC)

+ Air dilution system with optional heat recovery ventilator (HRV)
The focus of the current research is an improved FCPM model that is more generally
applicable than the existing empirical representation. The FCPM consists of the stack and
stack burner, as well as the balance of plant (BOP) components, including the fuel pre-

heater and pre-reformer, the air pre-heater, after-burner, and fuel desulphurizer. In the
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Annex 42 model, the FCPM must output the fuel/air/exhaust flow rates and temperature
as well as its electrical efficiency. The exhaust gas information is used to estimate the
performance of the heat exchanger that provides heat to the residential building. The
electrical efficiency is used along with the input power required by the PCU (P,;) to
determine the molar flow rates of the air and fuel as well as the power requirements of

different system components represented by the other control volumes.

2.2  FCPM Electrical Efficiency

The Annex 42 model calculates the FCPM electrical efficiency using an empirical
equation. This equation was calibrated using a series of seven experiments performed by
NRCan on the FCT system in 2005 [Kelly and Beausoleil-Morrison, (2007)]. Further
experiments conducted during the same time period were used to validate the results.
The equation is as follows:

J. I— tthreshold ’0
0

Mrcpw = (8o + &8, + 52]);)[1 - NswpD{l —MAX

L} (2.1)

where the [1 — Ny,pD] term in Equation 2.1 represents the degradation of the electrical
efficiency of the FCPM as a result of stop-start cycling. Due to high operating
temperatures and the thermal stresses that may be experienced during system cool-down
and warm-up periods, the fuel cell electrical performance will degrade with time. Ny
represents the number of times the SOFC cogeneration system has been stopped and then
restarted and D is a user-input fixed value representing the fractional performance

degradation associated with each cycle.
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The "L" term in Equation 2.1 represents the degradation of the electrical efficiency of the
FCPM as a result of operation time. L is a user-input fixed value representing the
fractional performance degradation associated with operating time. The time integral
represents the accumulated operation time from the initial system start. ¢;,esnoiq 1S @ User-
input fixed time value which can be used to represent systems that may show no

degradation for a period of time (¢esno1a ), but degrade thereafter.

The ¢, coefficients in Equation 2.1, were deduced from the previously mentioned seven

experiments performed by NRCan. However, it should be noted that these coefficients
were obtained using average results from each of the experiments. The methodology of
the NRCan experiments included an attempt to maintain the power draw of the FCPM to
within 100 W of the target to mimic steady state operation. At the end of the experiments,
an average power and fuel consumption were determined and the coefficients for

Equation 2.1 were calibrated to those results.

The electrical efficiency calculated in Equation 2.1 is then used to determine the Fuel
flow rate to the FCPM such that:

£ (2.2)

N Sfiel-FCPM = —————————
N rep LH Vﬁtel

where ]\._flf,‘/,e[_FcpM is the fuel flow rate (kmol~s’1) to the FCPM and LHV},, is the lower
heating value (J-kmol) of the fuel. The fuel flow rate includes the fuel for the SOFC

stack and the fuel for the stack burner. The stack burner is used to maintain the

temperature within the stack.
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2.3 Improvements to the Treatment of the FCPM Electrical Efficiency

With the method for calculating FCPM efficiency by the Annex 42 model shown, the
improvements to the model can be presented. The proposed model is a zero-dimensional
cell model coupled with a thermodynamic energy balance. This model is coded in
FORTRAN and then implemented into ESP-r, within the existing Annex 42 model
framework. The zero-dimensional model and the level of details in representing the
physical processes were selected keeping in mind the integration with the overall code
and also to facilitate the calculation and transfer of non-dimensional and physical
parameters (i.e. efficiency, gas temperature, etc.). A review of current literature
presented in Chapter 1 also demonstrated that zero-dimensional representation is
appropriate for system level modeling. The proposed model requires little computational

effort which aids in reducing the time requirement for longer (year-scale) simulations.

In the proposed model, the fuel flow rate to the fuel cell stack (FCS) and the stack burner
are calculated separately as opposed to using a lumped parameter for both in Equation 2.2.
The FCS fuel flow rate will be determined based on the FCS efficiency. The FCS
efficiency will be calculated using a zero-dimensional electrochemical model. This zero-
dimensional model will be semi-mechanistic and based on the literature described in
Chapter 1. The fuel flow to the stack burner will be determined based on the results of
the fuel cell energy balance presented in Section 2.4. The fuel flow rate to the FCS can

be defined in terms of its efficiency:

P
— stack (2 ) 3)

Nﬁtelfstack
UFCSLHVﬁAGZ
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where npcs is the efficiency of the fuel cell stack and Py, 1s the outputted power (W) of

the stack. The stack power is defined as:

P P, +P

stack = el dc,ann (24)
where P ., represents the parasitic power (W) draw of the BOP components as well as

the voltage drop between the stack and the power conditioning unit (PCU).

Finally, the FCPM efficiency can be defined in terms of the fuel flow terms:

P
Nrepm = — d (2.5)

(Nﬁ,tel—stack + Nﬁtel—bum )LHV/uel

where Mue;_mck and Z\Ochel_bu,ﬂn are the fuel requirements (kmol's'l) of the fuel cell stack
and the stack burner, respectively. The following section presents the BOP

component analysis, the improved semi-mechanistic model and energy balance for

the FCPM.

2.3.1 Balance of Plant

The BOP component power draw must be determined in order to evaluate the total power
required from the fuel cell stack. The BOP components include the fuel desulphurizer
and pre-heater, the air filter and pre-heater, and the after burner. The exact types and
arrangement for the BOP components is proprietary knowledge for the FCT system.
There are a number of different possible configurations, and Figure 1.1 presents one
possibility. The current design of the FCT system had a substantial voltage loss between
the FCS and the PCU. This voltage drop is considered in the proposed model and is

incorporated within the BOP power draw (Pg.ann). An empirical correlation has been
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developed to describe Py ..n. The equation was calibrated using data collected during the
NRCan experiments as presented in Figure 2.1. Since the proposed model must be
capable of representing the FCT system and no information was available regarding the
BOP components for that system, the use of an empirical correlation was necessary for
this portion of the model. An exponential form was chosen because it ensures that a
minimum value will be assigned to the power consumption even at low P, values. The
exponential form also gave the best R representation of the NRCan data. The following

equation is used to determine Py '

£ P & P
ann—1"el 1V—1"el
Pdc,ann = Pdc,comp + Py = € ann—0® T Em—€ (2.6)

where Py, comp 15 the power (W) draw of the BOP components and Py is the power (W)
loss due to the ohmic losses between the stack and the PCU. The ¢ terms represent the
empirical constants, as shown in Table 2.1. The ¢ terms correlated well with the
experimental results with R* values for the power loss due the voltage drop and the

DC,ann draw of 0.98 and 0.88, respectively.

Equation 2.6 can also be generalized in order to test hypothetical systems:

Fae,ann = Zl’i(nl,nz.“) (2.7)
i

where i represents the hypothetical BOP component, and n represents the variable of
which i is a function. For example, power to the air supply blower would be a function of
the pressure change and air flow rate. The values presented in Table 2.1 as well as the
previous form of the P, .., equation are only applicable to the FCT device.

Table 2.1 Coefficients used to determine Py ., (Equation 2.6). These coefficients were
generated from the NRCan experimental data presented in Figure 2.1.
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Coefficient Value Unit
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Ew_o 7.9764 W

€ a1 0.00037 w!
Epy 0.00097 w!

700

600 pd

¢
¢ Pdc, comp
= PV . °
500 Pdc, comp Predicted )
—— PIV Predicted /

s
400

300 -"/

200 /

100

Power (Watts)

2000 2500 3000 3500 4000 4500
Power (Watts)

Figure 2.1 NRCan experimental results for DC ancillary draws of the FCPM BOP
components and power loss due to voltage drop between the FCPM and the PCU plotted
against P,;. Results for the two losses as a function of P,; predicted by the model using
Equation 2.6 and the values in table 2.1.
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2.3.2 Fuel Cell stack

Once the stack power (Psucr) has been evaluated, it can be used to determine the stack
current and voltage. Py, 1s a function of the stack voltage and current such that:

P

stack

v

cell

n (2.8)

cells—parrallel I cell ncells—series

where neeiis-paratiel AN Acelis-series are the number of cells in parallel and series in the fuel
cells stack arrangement, respectively, and /..; and V.., are the current (A) and voltage (V)
of a single cell. V. can be expressed as the Nernst voltage minus losses due to current
draw. Within the model, activation polarization, ohmic losses and concentration
polarization are considered, such that:

Voi=E =V

C r act

V. -V (2.9)

ohm ~ " con

where E, is the Nernst reversible voltage (Equation 1.15) (V), V.. is the activation
polarization, V,,, is the ohmic loss, and V,,, is the concentration polarization (V) of each
cell. The model assumes that all reactant gases behave ideally, and that the operating
pressure is 1 bar. The polarization losses in Equation 2.9 can be predicted via known
electrochemical and mass transfer techniques reported throughout the literature [ Larminie
and Dicks, (2002), Akkaya, (2007), Chan et al., (2001), Yoon, (2007), Campanari, 2004,
Sanchez 2008, Bessette et al., (1995), Kim et al., (1999) , Singhal and Kendall, (2004)],

and as described below.

2.3.2.1 Reformation of methane and other hydrocarbon fuels

In order to evaluate the Nernst potential the partial pressure of hydrogen, oxygen and

water is required. The activation and concentration polarization terms in Equation 2.9
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also require the partial pressures of the gases as inputs. Therefore, the partial pressures of
all gases as they enter the SOFC must be determined. If hydrogen or carbon monoxide is
used as fuel, the partial pressures are easily determined as both hydrogen and carbon
monoxide will react directly in an SOFC. However, other hydrocarbons such as methane
must first be reformed into hydrogen and carbon monoxide before they can generate
electricity in an SOFC. Therefore, the reformation reactions must be considered when
deriving the partial pressures of hydrogen, carbon dioxide and other gases when methane
(or other hydrocarbons) are used as SOFC fuel. In Chapter 1 the equations describing
reformation were given (Equations 1.2-4).

The proposed model assumes that reaction 1.2a and 1.2b are complete, i.e. all of the
methane or unspecified hydrocarbon reforms. The justification for this assumption must
be considered for two cases: first, if methane is the fuel and second, if another
hydrocarbon is chosen. Reformation models developed by [Sanchez et al., (2008),
Campanari and lora, (2004), Nehter, (2006)] found that the methane completely reforms
within the first third of the SOFC tube length. Since the scale of this model is zero-
dimensional, it is reasonable to assume that Equation 1.2a is complete. For the case
where a generic hydrocarbon is used as fuel, the assumption is made for the sake of
simplicity.  Any hydrocarbon other then methane would likely require external
reformation. Reformation is represented by a complex set of equations and rate limiting
steps that are different for each fuel chosen. It is beyond the scope of this work to try and
accommodate each possible hydrocarbon. Caution should therefore be exercised if the

model is applied when another hydrocarbon is used.
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For the purpose of solving the gas shift reaction (Equation 1.10) methane will be assumed
as the fuel. With complete reformation of methane, the value of (x) in Equation 1.10 is
equal to the initial molar flow rate of methane. With this simplification, () or the molar
flow rate of CO that reacts with water to form hydrogen and carbon dioxide, can be
determined. MATLab was used to derive a symbolic solution to the non-linear gas shift

Equation 1.10. This equation is cumbersome and therefore included as Appendix A.

where Uy is the fuel utilization. From Equations 1.8 and Appendix A, we can determine

the mole fraction of each constituent:

(H,0'=CH} - y+U,(3CH, +y)
(H,0' +3CH}) ’
3CH, +y-U,(3CH; +
:( 4 y' f( 14 J’); (2.10)
(H,0' +3CH?)
Coj+y . CO'+x-y
(H,0' +3CH) ¥ = (H,0" +3CH)

X0

X,

Xco, =

Finally, assuming ideal gases and a system pressure of 1 bar, the partial pressures of each
gas are equal to their mole fraction and actual pressure. The partial pressures derived in
this section are used in both the Nernst potential calculation and cell polarization as

described below.

2.3.2.2 Activation Polarization

The electrochemical reaction in the fuel cell requires a certain amount of energy to
proceed. The voltage loss associated with this process (V. in Equation 2.9), is

characterized by the Butler-Volmer equation (Equation 1.16). Equation 1.16 can be
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applied to both the anode and cathode reactions. In order to solve Equation 1.16, the

proposed model assumes £ = 0.5, then:

. 0.5n,
i (#) (

-0.5n,0 , )
—— RT —e RT

0.5n 5 ., 1

e K 2.11)

0.5y,

( . .
Multiplying both sides by e %" allows for a quadratic equation of the form:

0.5n,y,, )2 0.5n,,, )

( K
e M —Le W _1=0 (2.12)
Lo

Applying the quadratic formula, the following equation is obtained:

2

nL,ZRTln[$+ L +4J (2.13)

ntF i, iy

e

Recognizing this as the inverse hyperbolic arcsine, the anode and cathode activation

over-potentials can be expressed as [Yoon et al., (2007)]:

o~ 2RFT sinh‘l[ ! J (2.14)

act 2
e lo,un

act

peo 2 2RT G| ! (2.15)
nF 2

where the super/subscripts an and ca stand for the cathode and anode side reactions,
respectively. The exchange current density (i) (A-cm™) is then the only parameter

remaining to be determined. The exchange current density can be expressed using

Equation’s 1.17 and 1.18.
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2.3.2.3 Ohmic Losses

Ohmic losses are caused by the resistivity of the SOFC materials to current-flow. To
determine the Ohmic losses (Vo in Equation 2.9), the proposed model employs an
equivalent resistance [Yoon 2007, Krumdieck et al., (2004), Padulles et al., (2000), Chan
et al. (2001), Akkaya, (2007)] and then applies Ohm’s Law.

y (2.16)

ohm

=R,

where R, is the area specific equivalent resistance (ohm+cm?) of the cell.

The equivalent resistance is presented in Figure 2.2. Nisancioglu (1989) has developed an
analytical solution to the equivalent resistant of a tubular SOFC [Nisancioglu, (1989)].
This solution is used by the proposed model with corrections for the temperature

dependence of conductivity. The following equations are used to evaluate the equivalent

2 2
1 1 1
+ cosh(Z)+| ————— |2+ Z sinh(Z
[( O-anLan j (O-cal’sa J } ( 8) [O-anLano-CaLca ]( ‘ ( e))

R, = 172 : ) 3/2 (2.172)
2| Cet + sinh(Z,)
Lel O-anLan O-caLca

g -Patha foaf 1 1 (2.17b)
2 L o L o L

el an"an ca™ca

resistance:

R, = L (2.17¢)
O-intAint
R =w+R A (2.17d)

eq int““cell
L cell
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where the subscripts e/ and int stand for electrolyte, and interconnect, respectively, L is
the layer thickness(cm), o is the conductivity (Q'-cm™) of the material, and 4 is the area
(sz) perpendicular to current flow. L. refers to the length of the entire cell and Path,;

is radial distance (circumference) (cm) of the electrolyte.

Interconnect

Anode

Electrolyte

Cathode

Figure 2.2 Equivalent resistance circuit for a single SOFC tube.

2.3.2.4 Concentration Polarization

Concentration polarization is the voltage loss due to the limitations of diffusive transport
of gases to the reaction sites (V,,, in Equation 2.9). As discussed in Chapter 1, the
equations that describe the anode and cathode concentration losses are:

b

i
L
nE oy

l (2.18)

I 10
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peo KT g1y (2.19)

con
n i o,

e

where iy is the limiting current density (A-cm™) of the reaction gases. The limiting
current density for each species can be determined using the fundamental equation for
isothermal transport of gaseous species in porous electrodes [Kim et al., (1999)]. At the
anode, hydrogen and the water diffuse in opposite directions with the same flux. The

equations describing each gas are:

cB
JH2 = _DHz,eﬁ’vcHz +Xu, 5H2 J ot X, 7H2( ,uo VP] (2.20)

cB,
JHZO = _DHZO,effVCHZO +ZH205H20JW X m,07 m,0 (7 ij (2.21)

where J0 and Jy; are the molar fluxes of each species, Dy 1s the effective diffusion
coefficient (cm®s™), ¢ is the concentration x 1s the mole fraction, J is the ratio of
Knudsen to total diffusion and J is the total molar flux (mol-cm™'s™). The final term in
both equations is a convective transport term. Convective transport is not considered in
this work because pressure change within the pores is assumed to be negligible
[Suwanwarangkul et al., (2003)]. Nevertheless, y is the ratio of binary to total diffusion,
B, is the permeability, 4 is the viscosity (g-cm™+s™") and P is the pressure (bar). The total
diffusion flux J will be zero since the molar diffusion of hydrogen and water are equal at
steady state and J is their sum. Equations 2.20 and 2.21 can be further simplified by
assuming one-dimensional transport, the ideal gas law and the relationship between
current and molar flux (Equation 2.23). Also, in this analysis, hydrogen will be examined;

the same argument holds for water as well:
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dc dP,
T (2.22)
r L RT
i
Jy =—— 2.23
m =50 (2.23)

where L,, (cm) is the thickness of the anode electrode. Equation 2.20 simplifies to:

D, 2F(P; —P,)

i — eff ,\H,

RTL,

(2.24)

where P';;; denotes the initial or the bulk pressure (bar) of the gas. Considering that the
limiting current density is reached when the partial pressure at the reaction sites

approaches zero, the limiting current densities for hydrogen and water are:

n FD ..
. e eff ,H
i =222 p 2.25
R TR (2.25)
nFD,,
Lo = RT}:’—’HZO Pio (2.26)

For the case of oxygen in air, the net flux of nitrogen is zero [Chan et al., (2001)],

therefore the governing diffusion equation is:
Jo, ==Dy Vi, +%0,60,J0, (2.27)

Again assuming one-dimensional diffusion, ideal gas law, the relationship between molar

flux and current as well as the definition of mole fraction, this equation simplifies to:

D, AF(P! -P
= D0, 0o~ Fo) (2.28)

P,
RTL,,(1- P 0o,)

T

where L., is the cathode thickness (cm) and Pr is the total pressure (bar) at the cathode.

Given that the total cathode side pressure is assumed to be 1 bar and the limiting current
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density occurs when the oxygen pressure nears zero at the reactant site, the limiting
current density is:

neFDeﬁ.O
i o = 2 P, (2.29)
. RTL”(I—P02502) :

In order to evaluate Equations 2.25, 2.26 and 2.29 the effective diffusion coefficients for
each species must be determined in (cm*s™). The effective diffusion coefficient for each
species is calculated using binary and Knudsen diffusion coefficients. The methods
described by Todd (2002), are used for the binary diffusion coefficients and the Knudsen
is expressed through an equation relating the mean-free path to average pore size such

that (hydrogen used as example) [Chan et al., (2001), Todd, (2002)]:

! =5( 1 1 J (2.30)

Dy T\ Dyry Dusrmro
0.001437""
D, = 2.31
e M11-1/22—H20 (V}‘I/; +V}1/230)2P ( )
Dy, =97.0r,, (2.32)

H2
where € is porosity, 7 is tortuosity, M is molar mass (kg-kmol™), v is diffusion volume
(cm’) and Tpor 18 the pore length (cm). Given a current density, Equations 2.18 and 2.19
can now be used to determine the concentration polarization losses at the cathode and

anode.
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2.3.2.5 Stack Resistance

The proposed model thus far has been limited to the cell level polarization and has not
considered the coupling of the cells into the stack. Dynamic effects have also not been
modelled. There is little research available in the literature dedicated to modelling entire
stacks beyond the expedient and simplistic approach of multiplying a cell voltage by the
number of cells in the stack [Braun et al., (2005), Krumdieck et al., (2004), Chan et al.,
(2003), Zhang et al., (2003) , Lisbona et al., (2007), Padulles et al., (2000), Tanaka et al.,
(2000), Wu et al., (2008), Bavarsad (2007)]. In order to account for the additional losses
observed in excess of the sum of the individual cell losses, the current model proposes an
additional voltage loss termed stack resistance voltage. The stack resistance occurs due to
the connection of the cells together in series or parallel. The stack resistance is
empirically determined. Introducing this additional voltage loss normalized to a single
cell, Ve ey is now:

Vell = Er _V

C act

V., —V. —Ve (2.33)

ohm con

where Vs is the stack resistance voltage (V).

2.2.3.6 FCS Efficiency

Now that Ve has been expressed as a function of the current density, it can be
determined at any value of stack power. Considering Vs, and Uj, the efficiency of the

stack can also be expressed as:

V. k
= sk [ 2.34
nsmck Eh f ( )
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where Ej, is the theoretical maximum voltage (V) based on the LHV of the fuel, and 7k
is the stack efficiency. Finally, given the stack efficiency and P, the fuel flow rate

through the stack can be determined (Equation 2.3).

2.4 Temperature Model

Many of the parameters described in the preceding equations are temperature-dependent.
In particular, due to the high sensitivity of conductivity to temperature, if the temperature
in the stack drops substantially, then the voltage losses will increase and the system will
not operate effectively. In the FCT system, the stack burner is used to control the
temperature of the stack. In the new model, an energy balance is used to determine the
temperature of the stack. If that temperature is not sufficient then the stack burner is
switched on. In the model, this will correspond to the introduction of the second fuel flow
rate term to the FCPM, ]\.[ﬁ,e]_burn (Equation 2.5). The new model operates in this way to
mimic the FCT system; however, it can be adapted to another system with a different
temperature control mechanism. In order to determine the temperature of the stack the
FCPM must be sub-divided into the fuel cell stack control volume (FCV), as illustrated in
Figure 1.1. The FCV contains the SOFC stack as well as the stack burner. The energy

balance for this control volume is:

(2.35)

stack ~ qskinlosses

(Mcp)a—FtCV = Hair + Hﬁzel - Hproducts - P
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where MC , is the thermal capacitance (J ‘K" of the FCV and Trcy is the temperature of
the fuel cell control volume. Hyir, Heyer and Hpmducts are the enthalpy flow rates

(J-kmol™-s™") of the air entering, the fuel entering and the product gases leaving the FCV
respectively. Hproducts includes the product H,O vapour and CO; from the electrochemical
reaction, the products of the combustion of the un-reacted fuel, and the excess air.

Finally, gkiniosses are the heat losses (W) from the fuel cell stack to the surroundings.

In Equation 2.35, each of the enthalpy flows are equal to the summation of the enthalpies

of the individual constituents such that:

Har = S(Ni i), (2.36a)
H it = X(Ni i) 1 (2.36b)
Hproducts = Z(Nz h[)pma’ucts (2360)

where N; is the molar flow rate in (kmol-s™) and 4; is the molar enthalpy in (J-kmol) of
an individual constituent within the air, fuel or products gases. The enthalpies in
Equations 2.36a-c are standardized to a reference state to ensure that the compounds
within the reactants and products are properly related to each other. The standard state is

1 bar and 25 °C.

The molar flow rate of the air stream in Equation 2.36a is determined by the
stoichiometric requirements of the combustion reaction and the excess air ratio, A, such

that:
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N = -2k 237)
21702
Nair = (1 + /lair ) Nair stoic (238)

where Nyirstoic (kmol-s'l) is the theoretical amount of O, required by the electrochemical
reactions and po; is the partial pressure of the O, in the air stream. The molar flow rate
of the fuel is determined by Equation 2.5 and the molar flow rate of the products by

assuming complete combustion and electrochemical reaction of all the gases.

The temperature of each of the gases must also be known in order to determine the
enthalpies. The temperatures of the gases as they enter the FCPM are known and
described in detail in [Kelly and Beausoleil-Morrison 2007]; however, the temperatures
of the fuel and product gases entering and leaving the FCV are not known. For the fuel
and air, this is the temperature leaving the respective pre-heaters. The pre-heaters use the
exhaust gases from the fuel cell as hot input streams. However, the exact configuration
of these heat exchangers is proprietary knowledge. In the current research, an empirical
relationship for the pre-heaters is proposed, in which the temperatures of the gases as
they enter the FCV are given as a function of their temperatures as they enter the FCPM
and as they exit the stack. In order to develop this relationship we must first consider an

idealized heat exchanger for both the air and fuel pre-heaters as follows:

(N Cp)pmducl (TFCV - Tproducts—FCPM ) =

(N Cp)i(z—;’,inFCV - T;,inFCPM)

(2.39)

Where N is the molar flow rate (kmol'sec™) and Cp is molar heat capacity (J:K'*mol™).
P

The T; terms represent temperature where the subscript definitions are as follows: stack



44

signifies the fuel cell stack, products-FCPM signifies the gases exiting the FCPM, and
i,inFCV refer to either the fuel or air stream entering the fuel cell control volume. In the
current work, the ratio of NC, for the products and the gases (fuel and air) is used to
develop two “heat exchanger effectiveness” parameters. Using these empirical values,

we can determine the temperature of the air and fuel as they enter the FCV:
711',inFCV = ﬁi (TFCV - Tpmducts—FCPM ) + 7—;',inFCPM (240)

where f; is the heat transfer coefficient for the air and fuel. The f; values can be
determined from the heat transfer properties of the pre-heaters. In the event that these
properties and configurations are not known, experimental data can be used (as was the

case with the FCT system).

Finally, if assumptions of an isothermal stack temperature, complete combustions of all
gases, and that the gases reach the stack temperature before exiting the stack, are made,
then Tiiack = Tproaucs = Trcy = T (electrochemical reactions). The molar enthalpy of the
products can now be evaluated at Ty, Equation 2.35 can be re-written to include the

abovementioned analyses as follows:

0T . SA A
(MC ) =5 = 3 (N, Th, = A hi])

air

. A A° . (2.41)
+ Z(N,.[h,. ~Af hi D) o + N e LHV ) =

Z (N i [h i Af hi ]) products Pvtack - qskinln.v.ves
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where Afh is the standard enthalpy of formation (J-kmol™). If the stack temperature
drops below a certain threshold then the stack burner is turned on. The energy balance
must in turn be modified to account for this additional energy flow:

(MCp)aﬂ =H 4+ Hfuel + H stack—burn

ot (2.42)
- Hproducts - P

stack qskinlosses

where Huerpurm 18 the enthalpy flow of the stack burner, equal to:
H stack-urn = N fuct-tun (LHV_M 2 U= 1 ]) g = 2 (U = A ])] (2:43)

where ]\.[ﬁ,e].burn is the molar flow rate of the fuel entering the stack burner and products-
burn refers to the CO, and H,O released during the combustion of the fuel. The air
required for the combustion of the stack burner fuel is already accounted for in the energy
balance; as no additional air is added to the system in response to the burner being turned
on. Once the burner is switched on, ]\‘]ﬁ,{el.burn 1s held constant until the desired stack

temperature is reached.

2.5 FCT Experimental Results

Data collected from the FCT experiments has been used to determine the energy storage
or thermal capacitance of the FCV (MC,). Data analyses of the NRCan experiments were
chosen for the evaluation of MC, because information regarding the materials and
configuration of the entire stack was not available. For the experiment, the FCT fuel cell
system and BOP components were shut down after a period of steady operation and

allowed to cool. Temperature measurements of the FCS were then recorded during the
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cooling process. A lumped-capacitance energy analysis was applied to the experimental
data: a lumped-capacitance method was chosen because the arrangement and materials of
all system components were not known. The lack of knowledge surrounding the
components made lumped capacitance a convenient approach. The approach was
validated by applying the theory to the data; as shown in Figure 2.3, the R? value was

over 0.99. Lumped capacitance can be derived from the energy equation:

i, g, (2.44)
dt

Ein"‘Eg_Eout =
where E,, Eg, Eou, and E, are the energy (W) into, generated, out of and stored within the

system, respectively. When the FCT system cools, there is no generation of energy or

energy flow into the system. Therefore, Equation 2.44 reduces to:

_Eout =E5t (2.45)
or

~(UA),,(T~T,,,)=MC, ‘Z—f (2.46)

where (UA)y1s the is the heat loss coefficient (W-K™") for radiation and convection, 7 is
the temperature (K) of the FCS and 7, is the ambient temperature (K). By redefining
temperature in terms of a temperature difference term, DeWitt (2002) evaluated Equation
2.44 as follows:

if

(2.47)

amb

then
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ﬁ MCP B
dt (UA)

eff

Using separation of variables and integrating with initial conditions # = 0 and 7(0) = 77

Mcp [ ﬁ _ _J-t dt
Ui, 0
where
01 = T[ - Tamb (248)

Evaluating the integral gives the general form of lumped-capacitance method for the

cooling FCT system:

ei _ exp(— ij (2.49)

1 Tt

where 7, is the time constant of the system, and ¢ is the time (s). T, is defined as such:

MmC
[ = (2.50)
(UA) eff

Figure 2.3 presents a plot of the ratio 6/ 6, vs. time for the NRCan experiment.

Equation 2.49 can be applied to the curve to determine the time constant, which is

approximately 29000 s.
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Figure 2.3 Temperature degradation in the SOFC stack vs. time for the FCT system
when it was allowed to cool. The data was collected by NRCan. The exponential
equation used to derive the time constant is also presented along with its R? value.

The cooling of the FCT system is due to energy transfer Oy ¢ to the surroundings. Q¢

can be evaluated as described by DeWitt (2002), given that:

Qc= Io q,cdt = (UA),, _[0 adt (2.51)

and by substituting equation 2.50 into 2.52, the following equation can be obtained:

0,c= (MC,)0, [1 - exp(— iﬂ (2.52)

t

Having obtained this expression using the lumped capacitance method, we need to
determine MC,. In order to calculate MC, Equation 2.52 can be substituted into Equation
2.35. Temperature results from the NRCan experiments can be used to then determine

MC, for the FCV using this method.
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Chapter 3

Simulation and Validation Results

Chapter 2 outlined the methodology used to generate the improved FCPM model. In this
chapter an analyses of the results provided by the model as implemented in ESP-r is
presented. First an examination of the predicted polarization losses at the cell level is
given. The cell results also are compared to data from Singhal and Kendall (2004). Then
stack level results are compared to the NRCan experimental results. The discrepancy
between the cell and stack level predictions is also considered by analysing both the
Singhal and Kendall (2004) and NRCan data. Following this, the complete improved
FCPM model is examined, including the stack resistance, and the energy balance. ESP-r
is used to compare results from the improved model to NRCan experimental data.
Finally the new capabilities provided by the model are demonstrated as they pertain to
operating conditions which can be controlled; namely, Uy excess air ratio, and set point

temperature.

3.1  Single Cell Model Results

As described in Chapter 2 there are three main losses which affect the cell voltage cell: 1)
activation, 2) ohmic and 3) concentration polarization. Figure 3.1 presents those losses as
a function of current density using the model described in the previous chapter. For this
analyses cell temperature was set to1245 K and the fuel was methane at an Uy of 0.75.

The activation losses are the largest followed by ohmic and then concentration (Figure
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3.1). The exponential expansion of the concentration polarization term occurs when at

the limiting current density; at this point the cell can’t provide any additional current.
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0.3
x%¥%
XxxxX§;x§§
0.25 )OXE X
XX x*
x Vact ) XX $xX
—_ xxxx xX
S 02 x Vohm X% K
: X 3
S +Vcon XX x**x
E xxx X)K)K
S 0.15 - XX X +
X x X
> xX X
X )K)Kx
X% XX +
0.1+ XX kXX +
X x X +t
X X +
«X %X o+
0.05 XX gxX Lt
: X XK 4t
X7 o xX ++++++
XXX ++++t
§§*xx +++++++++++++++++++
e+
0 "x ¥ +++++++++++++ T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Current Density (A/cm2)

Figure 3.1 Cell polarization as a function of current density at a temperature of 1245 K
and Urof 0.75.

Figure 3.2 presents a comparison between the model and experimental data. These data
were published by Singhal and Kendall (2004), but acquired from the Siemens
Corporation. The Uy was 0.85, temperature was 1213 and 1272 K (2 separate runs) and
the fuel was 89% hydrogen and 11% water. The temperature, Uy and mole fraction
information were input to the model to produce the results presented in Figure 3.2. From
Figure 3.2 it can be seen that the results fit the data reasonably well; the average relative
error between the experimental data and the model data was 3.6 and 2.7% while the root
mean square error was 3.1 and 1.9% for temperatures of 1273 and 1213 respectively.
However, it appears that the model presents a stronger dependence with temperature then
is evident from the Siemens data. Also, the data is not linear in the ohmic region of
polarization. Other parameters such as operating pressure, experiment run time, and any

associated errors or standard deviations were not available for the Siemens data. Without
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that information it is difficult to properly evaluate the model with respect to the Siemens
data. Nevertheless the model did produce results that overall fit well with the

experimental data.
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Figure 3.2 Comparison between model and experimental voltage vs. current density
results from Kendall et al. (2004). The results are presented for two temperatures 1213
and 1273K with fuel utilization of 0.85 and a 0.11/0.89 water/methane fuel mixture.

3.2 Stack Results

Predictions using the Annex 42 model with the new cell level model, the stack resistance,
and the energy balance were compared to experimental results collected by NRCan from
a FCT fuel cell test system. Figure 3.3 presents the stack voltage versus stack current as
calculated by the model as well as the experimental data. Data used to calibrate the
Annex 42 model (BOP power draw and f; ect.) with the new capabilities is termed
“experimental” on Figure 3.3 and data used for blind comparison is termed “Validation”.
The experimental results are presented as averages of long run times in the order of hours.

Similarly the results from the Annex 42 model with the new capabilities are generated
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from long simulation times, in which the same P values from the experiments were used
as inputs into the model. The Uy in the stack, the excess air ratio and the average stack
temperature were also consistent between the series of model simulations and the
experimental data they were being compared to. However, it should be noted that those
parameters were not held constant in each separate experiment or simulation run. The
average operating conditions for NRCan data are presented in Table 3.1.

Table 3.1 Calibration and validation operation parameters measured during each of the

NRCan experimental runs using the FCT system. The parameters are averages of the
values collected over the course of the experiments which ranged in length from 1-10 hrs.

Pel(Watt) Lambda  Fuel Utilization = Temperature(K)
Calibration Case 1 3010 2.59 0.756 1245
Calibration Case 2 3283 2.68 0.756 1255
Calibration Case 3 3353 2.64 0.733 1257
Calibration Case 4 3580 2.58 0.733 1262
Calibration Case 5 3728 2.67 0.730 1262
Calibration Case 6 3712 2.63 0.731 1263
Calibration Case 7 3728 2.60 0.731 1262
Validation Case 1 3600 2.54 0.729 1258
Validation Case 2 3746 2.68 0.730 1262
Validation Case 3 3743 2.64 0.732 1262
Validation Case 4 3715 2.55 0.730 1250

Figure 3.3 demonstrates good agreement between the model and experimental results; the
slopes of the lines are 0.00045 and -0.00044 respectively with the model results having
an R” value of 0.93. Also, the average relative and root mean square errors were less then
1% for the current and voltage. Both the model and experimental results show voltage
degradation as a function of current density as can be expected. However, the slopes of
the lines on Figure 3.3 do not precisely correlate. This could be due to the stack
resistance. In the model this term is taken as a constant value rather then a function of
current. In reality stack resistance would likely be dependent on current density. There

are two phenomena which could serve to explain the stack resistance; non-uniform
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temperature and current reversal. In the case of the model a uniform stack temperature is
assumed. In practice temperature would vary in the stack creating cells or areas within a
cell with lower and higher voltage. However, the average of the varying voltages within
the cell would be lower then that predicted using just a uniform stack temperature
because of the relationship between voltage and temperature (Section 3.4.2). This issue
would be less severe as average stack temperature is increased. Average stack
temperature increases with current density because the irreversibility (polarization) in the
SOFC results in heat generation. The second possible cause of the stack resistance is the
occurrence of current reversal stemming from the system design. The FCT SOFC system
is comprised of 2 Siemens technologies Beta units. ~ Each Beta unit consists of 24 cells
with 8 in series and 3 in parallel. If any of the 3 sets of 8§ cells in series are producing
different voltages then it is possible for current backflow and an associated voltage loss.
Modeling of this issue is challenging because temperature, species and flow information
would have to be known throughout the entire stack in order to individually calculate
each cells voltage and current production. As a result the stack resistance is left as a

constant parameter.
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Figure 3.3 Comparison of model and NRCan experimental results for voltage vs. current
performance of the SOFC stack.

Demonstration of the difference in performance between the cell and stack level is
presented on Figure 3.4. On Figure 3.4 the Siemens cell data [Singhal and Kendall
(2004)] is presented with the NRCan experimental data. There are a number of
differences between the two experiments which should be identified before any
conclusions are drawn. As previously reported the Siemens results used 0.85 Uy and an
89/11% split between hydrogen and water as fuel. The NRCan data was collected with a
natural gas mixture, comprised of 95% methane [Beausoleil-Morrison, (2007)] as the fuel,
0.73-0.76 Uy and temperatures ranging from 1243-65 K. The higher U, will limit the
performance of the Siemens cell data (Section 3.4.1). However, the significantly larger
partial pressure of hydrogen in the Siemens cell data will improve the performance of that
system over the NRCan data (Equations 1.17-8, 2.25-6, 2.29). In order to compensate for
the differences in operating parameters the model was run at the Uy, partial pressures and
fuel composition of the Siemens and NRCan data. The difference between the two model

results was then added to the NRCan data (Figure 3.4). Even with the corrected data, a
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discrepancy exists between cell and stack data. As mentioned in Chapter 2 the stack

resistance is used in the present research to account for the difference between cell and

stack data.
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Figure 3.4 Comparison between Siemens and NRCan experimental data. Results are
presented on a per cell bases, showing voltage vs. current density.

3.3  System Results

Figure 3.5 presents a comparison of the model results for nrcpm (Equation 2.5) and the
net electrical power (P,). As on Figure 3.3 the data used only for validation and not for
calibration is termed “Validation”. The model and experimental results show good
correlation; the average relative and root mean square error for ngcpm were 1.3 and 0.53%

respectively.

The figure demonstrates the role that the BOP components as well as the auxiliary burner
fuel flow have on ngcpm. Although with increasing power, npcpm initially drops until
3300 W, it begins to increase again after that. This might seem counter intuitive if one

considers only that voltage losses increase with P,; and directly affect npcpm (Figure 3.3).
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However, as P, is increased the cell is able to maintain hotter temperatures and the
burner is needed less frequently resulting in higher ngcpm (see Nfue]_burn term in Equation
2.5). Furthermore, the higher temperatures result in higher reaction rate kinetics within

the cell which also improves nrcpm.
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Figure 3.5 Comparison of model and NRCan experimental results for stack.nrcpm as a
function of P,;

It should be mentioned that there is an additional cost with the new model in terms of
simulation run time. The additional time is dependent on the desired precision of P,; and
current results. For example in order to make sure that the model generates a voltage and
current within 25W of the inputted P,; with a current prediction to the 0.001, would
results in about 50% additional computational time for the electric plant network within

ESP-r.

3.4  Demonstration of Improved Model Capability

One of the objectives of the current research was to generalize the Annex 42 model by

incorporating a mechanistic model for the FCPM, and thus making the model less
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dependent upon calibration parameters that must be derived from measurements on
coherent systems. The improved model would be able to evaluate the effects of different
operating parameters such as Uy, temperature and excess air ratio on the system and the
fuel cell. The new modeling capabilities are demonstrated in the following sub-section
by exploring the effects of the above-mentioned operational parameters. In the analysis

the inputs from calibration data 1 (Table 3.1) were used unless otherwise specified.

3.4.1 Impact of Fuel Utilization on System Performance

Figures 3.6a and b present the results of the Uy analyses, the figure demonstrates the
dependence of cell voltage on Uy as Uy increase the voltage decreases. This result is
logical considering the principles described in Chapter 2 (Equation 2.10). A lower Uy
results in higher partial pressure or concentration of the reactants at the anode electrolyte
interface available for the electrochemical reactions (Equations 1.15 and 2.9). The
relationship is linear after a Uyof 0.67. In the analyses the average temperature of the
FCV was 1245K (Calibration data 1, Table 3.1), however, at Uy below 0.67 the un-
reacted fuel combusts and cause the temperature to rise (Figure 3.6b). The increased

temperature improves the voltage performance of the fuel cell (Section 3.4.2).

From Figure 3.6a it can be seen that U does not have as large an effect on ngcpas as it
does on voltage. The effect is also not as straight forward. Between U, of 0.64 to 0.72
Nrcpm increases, this may be counter intuitive as the stack voltage is decreasing.
However, the reduced voltage results in more heat generation in the cell raising its

temperature. The raised temperature means less fuel needs to be combusted in the stack
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burner to maintain the set point temperature. Between Urof 0.64 to 0.72 ngcpm increases,
this may be counter intuitive as the stack voltage is decreasing. However, the reduced
voltage results in more heat generation in the cell raising its temperature. The raised
temperature means less fuel needs to be combusted in the stack burner to maintain the set
point temperature. At a Urof 0.78 nrcpm begins to decrease, this is because Uy is so high
that there is not enough unreached fuel available for later combustion to maintain the
operating temperature in the cell. As a result more fuel is required by the stack burner
and nrcpm would drop. Over all the effect of Uy on ngcpm is not substantial in the range
presented in Figure 3.6a. The nominal Urof the FCT system was 0.73-0.76 during the

NRCan experiments.
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Figure 3.6 Simulation results showing the effect of Ur on a) voltage and nrcpm b) average
stack temperature.

3.4.2 Set Point Temperature

Figure 3.7 presents the results from the temperature analyses and it’s effects on system
performance. During this analysis Uy was held constant at 0.76 and the average P was
3010 W. An upper and lower (burner off and on) were set for each simulation run 5 K
apart, the average temperature is presented on Figure 3.7. Figure 3.7 demonstrates the
strong correlation between temperature and voltage performance of the cell. The
relationship is polynomial (quadratic) in nature with voltage increasing with temperature.
The effect is expected due to the high temperature dependences of the polarization losses,

especially ohmic (Equations 1.15, 1.17-8, 2.14-5, 2.18-19, 2.25-6, 2.29, 2.31-2).



60

Similarly to the Uyrresults, the effect of temperature on the entire system is not as straight
forward as the effect on voltage. At temperatures bellow 1220 ngcpm drops off because
the voltage losses grow powerfully more severe. At temperatures above 1260 the amount
of fuel required by the stack burner out ways the improved voltage performance
associated with increasing temperature and npcpm drops off. Between temperatures of
1220-1260 K mrcpum is steady. In that span the voltage is increasing as is the amount of
fuel required by the stack burner. Based on the results (Figure 3.7) the effect of improved
voltage performance (Equation 2.34) and increased stack burner fuel consumption
(Equation 2.5) are balancing out causing nrcpm to remain steady. In practice this region
of steady nrcpm is likely smaller. Although uniform stack temperature is assumed, non
uniform temperature distribution in the stack could occur. If this occurs, cells or areas
within a cell would experience lower then average temperatures. The “power”
relationship between voltage and temperature would magnify those areas of reduced

temperature resulting in decreased nrcpm compared to those values reported by the model.
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Figure 3.7 Simulation results showing the effect of average temperature on voltage and
NFCPM.

3.4.3 Excess Air ratio

Finally Figure 3.8 presents the effects of excess air ratio on nrcpm. The effects are
relatively straightforward. As excess air ratio is increased nrcpm decreases. This result is
logical from a thermodynamic stand point. The additional air added to the system must
be heated, which requires more energy and reduces the ngcpm. Logically then, reducing
excess air ratio as much as possible (down to stoichiometry) would appear to be ideal. In
practice, there are two reasons for not reducing excess air ratio right down to
stoichiometry in an attempt to maximize npcpm. First, if excess air is reduced too much
then insufficient oxygen will be available at the reaction sites and due to the mass
transport limitations a substantial voltage loss could occur. Second, excess air ratio also

provides additional cooling capacity to the system if temperatures rise.
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Chapter 4

Sensitivity Analysis

This chapter presents a sensitivity analysis aimed at demonstrating the robustness of the
model and identifying the parameters to which the predictions are most sensitive. This in
turn helps identify the degree of accuracy and reliability required in determining these
parameters. The analyses performed are similar to those conducted on the operational
parameters in chapter 3; however, operational parameters can be controlled by the system
operator; whereas physical parameters are intrinsic to the system design. The physical
variables being examined are characteristic of the SOFC materials as well as the fuel and
oxidant participating in the reactions. Activation energy, material conductivity, diffusion
rate, and the cell physical dimensions will be examined herein. During the sensitivity
analysis all operational variables were held constant (Table 4.1).

Table 4.1 Operating parameters, used in sensitivity analysis.

Temperature (K) 1245
uf 0.75
Lambda 2.59
Steam to carbon ratio 3.11
Fuel (100%) methane

4.1 Activation Energy

Activation polarization accounts for a substantial voltage loss in SOFCs. As was
discussed in Chapter’s 1 and 2, activation polarization can be represented using the
Butler-Volmer equation (Equation 1.16). The exchange current density in the Butler-

Volmer equation is exponentially dependent on activation energy (Equations 1.17-8).



64

Therefore, percentage changes to activation energy have a large effect on the activation
polarization, making activation energy a sensitive parameter. Figures 4.1 and 4.2 present
the effect of altering the activation energy for both the anode and cathode exchange
current densities. The changes to the activation energy are given in terms of % value

used in the improved model.

Figures 4.1 and 4.2 demonstrate two important characteristics of the model. First that
cathode side activation energy is much more influential on voltage loss then anode.
Second that for both the anode and the cathode activation energies, the voltage loss and
activation energy increase are not proportional, due to the exponential nature of the
exchange current density (Equations 1.17-8).  The significant voltages losses

demonstrated in Figures 4.1 and 4.2 emphasize the importance of properly determining

activation energies.
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Figure 4.1 Voltage losses due to activation polarization for varying anode activation
energy values.
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Figure 4.2 Voltage losses due to activation polarization for varying cathode activation
energy values.

4.2  Conductivity

Ohmic resistance in SOFCs is due to the conductivity and arrangement of the electrolyte,
electrodes and interconnect. Table 4.2 presents the results of altering the conductivities
of each of the materials and thickness of each layer in the SOFC by 50 and 150%. From
Table 4.2 it is obvious that reducing the conductivity of any of the materials will reduce
the performance of the SOFC. Similarly, increasing any of those conductivities will
improve it. The cathode and anode were the most sensitive to conductivity changes.
This is because the current path of the anode and cathode is in the radial (6-dir). This
current path has a small area perpendicular to current flow causing increases in resistance

(Equation 2.17a).

The effect thickness on the equivalent resistance of the cell is less straightforward than

that of the conductivity. From Table 4.2 an improvement in equivalent resistance is seen
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when the interconnect and electrolyte are 50% thinner. This raises the question as to why
these layers are not reduced in thickness in the first place. The answer is that the layers
are made as thin as possible without compromising other areas of the cell performance
and its structural integrity. In the case of the interconnect reducing its thickness would
put the cells closer together. Having the cells closer together could affect the amount of
fuel available at the anodes of adjacent cells as the fuel flows through the increasingly
thinning cell separation. Reducing the thickness of the electrolyte could result in electron
or proton leakage from the anode to the cathode and reduce performance. Also thinning
layers increase the manufacturing difficulty and expense. On the other hand the current
path for the anode and cathode favours thickness, as can be seen in Table 4.2. Again the
radial (0-dir) current path has an increased perpendicular area (to current flow) as the
cathode and anode gain thickness resulting in improved equivalent resistance. Increasing
the thickness of the cathode and anode has the drawback of also expanding the diffusion
path length resulting in reduced limiting current. This issue is discussed further in
Sections 4.3 and 4.4

Table 4.2 Effect of conductivity and layer thickness on total equivalent ohmic resistance
in a single SOFC cell.

Equvalent Resistance (ohm-cm?)
Conductivity Thickness
50%  100% 150% 50% 100%  150%
Interconnect  0.446  0.432 0416 | 0.4155 0432 0.448
Cathode 0.508 0.432 0.332 0.57 0432 0.369
Electrolyte 0.459  0.432 0.398 0398 0.432 0.459
Anode 0.505 0.432 0.330 0.563 0.432  0.368
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4.3 Diffusion

Several parameters all have a proportional effect on limiting current density such as
tortuosity, porosity and diffusion path (electrode thickness) (Equation 2.24). Therefore
rather than adjusting each of those parameters individually, a sensitivity analysis was
performed on the limiting current density itself. Figure 4.3 demonstrates that changes to
cathodes limiting current density is minor compared to ohmic and activation polarization
up to the point where the limiting current density is reached and diffusion dominates
stopping current flow altogether. So, from Figure 4.3 it can be seen that improving the
limiting current density can extend the maximum current a cell can provide, but provides
very little benefit in terms of voltage. Only results for the cathode are presented in this
report because altering the anode limiting current density by up to 200% was found to

have little effect.
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Figure 4.3 Voltage losses due to concentration polarization for varying cathode limiting
current densities.
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4.4 Cell Dimensions

The effect of anode, cathode and electrolyte thickness on the cell voltage is also
examined. The results for the cathode are presented on Figure 4.4, the anode on 4.5 and
the electrolyte on 4.6. As can be seen on Figure 4.4 neither reducing nor increasing the
cathode thickness resulted in improved performance over the current FCT design. When
the cathode thickness is decreased the ohmic resistance of the cell increases and the
voltage drops. When the thickness is increased the ohmic resistance improves, but the
concentration losses increase and the limiting current density for the cell is reduced.
Therefore, based on the model results the present value for cathodic thickness are found

to be a good compromise between limiting current density and equivalent resistance.
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Figure 4.4 Cell voltage vs. current for % change to cathode thickness.
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Increasing the anode thickness results in improved cell voltage even beyond the FCT cell
design (Figure 4.3). The anode thickness and cathode thickness had similar effects on
cell resistance, but the anode had much less of an influence on limiting current density as
it was much thinner then the cathode (shorter diffusive path length). Therefore, improved
ohmic resistance resulted in an increased cell voltage despite the degradation due to
concentration polarization. Many current designs are moving towards planar designs
having anode supported cells (anode layer supports weight and provides shape of cell),
rather then cathode supported like the FCT stack. Perhaps results such as those presented

on Figure 4.5 influenced this change.
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Figure 4.5 Cell voltage vs. current for % change to anode thickness.

Electrolyte thickness as discussed in Section 4.2 affects the ohmic losses of the cell
through its effect on the equivalent resistance. Figure 4.6 demonstrates that reducing the

thickness of the electrolyte improves equivalent resistance and consequently cell voltage.
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As previously mentioned in Section 4.2, reducing electrolyte thickness can cause cell
leakage and present potential manufacturing difficulties. Therefore, it is unlikely that

tubular SOFC cell designer can significantly reduce the electrolyte layer thickness.
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Chapter 5

Conclusion and Recommendations

51 Conclusions

This research set out to improve the treatment of the FCPM within the Annex 42 SOFC
cogeneration system model that had previously been implemented into the building
simulation program ESP-r. Previously a simple empirical equation was used to represent
the electrical conversion efficiency of the entire FCPM. The objectives of the research
were to:

1) Develop a semi-mechanistic model of the fuel cell stack.

2) Develop an appropriate energy balance of the fuel cell.

3) Calibrate and validate of the new FCPM model using existing experimental data.

4) Demonstrate the improved model’s capabilities.
A semi-mechanistic fuel cell model was developed and coupled with an energy balance
of the FCPM. The fuel cell model and energy balance were then implemented into the
ESP-r building simulation program. Based on the results (Figures 3.3 and 3.5) the new
model demonstrated good correlation with experimental data. Data produced by the
model was within the uncertainty of the NRCan measurements with a R* value of 0.93
and slope of 0.45 compared to 0.44 for the NRCan data. Operating parameters such as Uy,
set-point temperature, and excess air ratio, can all be altered in the improved model.
Physical parameters such as activation energies, conductivity, diffusion parameters, and

cell dimensions can also be altered for the purpose of evaluating other cell configurations,
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newer designs, and hypothetical systems. These contributions substantially expand the

capabilities of the Annex 42 model.

Several conclusions can be made regarding the operation of residential cogeneration
SOFC systems based on the results of the current research:

1) A discrepancy exists between cell and stack voltage degradation
The general approach for stack and system level models found in the current literature
consisted of a cell level model multiplied by the number of cells in the stack, coupled
with an energy balance of the stack or system. The current research found that additional
voltage losses occur at the stack level compared to the cell level. Literature reviewed for
the current research did not determine this because model results were compared to single
cell data rather then stack data. The stack resistance term was added to the model to
account for these losses. Although the term was not large (3.55mV), it still demonstrated
that consideration must be given when applying a cell model to a stack or system.

2) Sensitivity to temperature
Both the model and NRCan experimental results showed that between a P of 3000 and
3700 (W) the average stack temperature can rise from less then 1245 to greater then
1260K. These high temperatures and sensitivity to operational changes show that
thermal management is important in SOFCs. The excess air ratio and the stack burner
can be used to partially control temperature (Sections 3.4.2 and 3.4.3). However, the
control is limited; if SOFC systems such as the FCT unit are to be implemented in
residential cogeneration, temperature sensitivity must be carefully considered during

installation and operation from both a performance and safety standpoint.
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3) Improvements to voltage degradation must be met with improvements to thermal
management or improved material properties at lower temperatures.
The current research demonstrated that improved cell voltage results in less heat
generation (voltage losses or irreversibilities result in heat generation in SOFCs). If
the reduced heat generation results in a temperature reduction sufficient to activate
the stack burner then little or no gain in efficiency of the entire system will occur.
Therefore, as improvements are made to the cell, better thermal management and
material properties must also be researched to offset the reduced heat generation due

to irreversibilities.

5.2 Recommendations

The new model compared well with experimental results while providing improved
capabilities. Although the current research met all of its objectives, the following
recommendations can be made for further research.
1) Implementation of a 1D cell and energy model
An average stack temperature was used in the cell model. The introduction of a 1D
model would allow for a more accurate representation of temperature in the cell and
in turn the voltage.
2) Improvements to characterization of BOP components
Equation 2.7 gives an example of a more theoretically based approach for
determining the BOP power requirements. The current research did not implement
this approach to generate any of the data presented in this report as the primary goal

was to introduce and validate the improved fuel cell model as compared to NRCan’s
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FCT system data. Equation 2.7 could be further developed to apply to theoretical or

other system configurations.

3) Better heat exchanger models
The current heat exchanger model (Equations 2.39 and 2.40) requires calibration with
known system data for characterization of the heat exchanger effectiveness (f;). In the
same manner as the BOP components, heat transfer theory could be used to implement a

heat exchanger model that does not relay on calibration.

These recommendations would provide a theoretical representation of the FCPM
requiring no calibration. In order to implement this approach, all of the system materials,
arrangement, and components would have to be known. For an entirely theoretically
system this information could be researched or designed. However, for actual systems,
such as the FCT device, it is doubtful that these recommendations could be performed as

manufacturers may not reveal proprietary information on their systems.
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Appendix A

Solution to Equation 1.10 (negative root not shown):

y:]/Z/(]- UF-K5+K5UF) (3 UFCH4]-C02]+K5UFCOI-H201Ks+ COZIUF-3 CH4I-COIK5-H2[-
2KPSURCH/+(2KsCH,/ CO'+4KsUxCH,/CO'+2CO;'H,O'Ks+12CO; UrCH/+4K sH,0'C
O'+10KsH,O'CH/+ 28K UF(CH/)*-2CO,'H}-6CO,'CH,/+9(CH/)*- 18 Ur(CH,')*-
4Ks(CH/)*-6Us# CH,/KsCO'-

10UCH/H,0'Ks+2Ks’ UrCO'H,0'+ 2K U7 CO'CO,'+ 8K’ Us* CO'CH /-6 UF* CH,/ CO5'-
24UF (CH’Ks+K§ Ui COP-2Ks’ Up(CO))’-2H,0'Ks’ CO'+ 16K’ U (CH/')*-
6UrCH/H'+2C0O,'CO'Ks+2H,O0'KsH,'+2CO; UsH,'+2CO'KsH'- 16K 5 Ur(CH /)
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UrCH/+8CO; UKsCH,-12CO'Ks’ UrCH,/-4CO,'KsUFCO™-20CO,' K sUrCH, -
2KsUrCO'H,'+4H,'KsUrCH,/-4KsUrCO,'H,'-4U K sH,0'CO")*)





