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Abstract

The present investigation pertains to a theoretical study of simulation of liquid-feed direct
methanol fuel cell. Basically it deals with the development of mathematical model for
analysis of thermo- and electrochemical properties of the liquid-feed direct methanol fuel
cell. It also includes the algorithm for the mathematical solution of the model. Further,
the cémparison of the proposed model has been done with a reference model as suggested
by Z H Wang and C. Y. Wang'. The polarization curves of DMFC obtained through the
model has been considered as the basis of comparison. Finally, studies of the effect of

different operating variables viz. temperature, pressure and fuel flow rate has been done.

Using the basic principle of thermodynamics and electrochemistry a mathematical model
of liquid-feed direct methanol fuel cell under ideal gas condition has been developed. The
underline equations include calculation of component partial pressures, Gibbs free
energy, change in enthalpy and EMF. An algorithm has been developed for solution of
the model. '

The model developed is compared and validated against the reference model as proposed
by Z H Wang and C. Y. Wang'. An examination of the fuel cell polarization curve
obtained by solving the model show that the model has been successful in representing
the liquid-feed direct methanol fuel cell and has been found to be in agreement with the
polarization curve as obtained by the reference model. The maximum deviation between
the profiles obtained by this simulation and of Z. H. 'Wang and C. Y. Wang' was found to-
be 10%.
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Chapter One

Introduction

Poor energy use is a problem that runs rampant throughout developing economies and
must be solved before these economies can truly progress. Many factors contribute
towards poor energy usage, including inefficient or insecure power generation and
transmission capabilities, inefficient industrial and manufacturing processes, lack of
sufficient infrastructure, and lack of reliable and clean fuel sources. These factors not
only affect the economies of the developing countries, but the health and quality of life of
the countries’ inhabitants. Two billion people in the world have no access to electricity.
Those of us who do have access to electricity are finding its availability to be
increasingly expensive, a pollution threat, and diminishing in supply. One billion, energy-
using people have created the environmental problems we have today. What will the

world be like when the other billions of people begin using energy like we do?

Fuel cells — clean and efficient distributed power technologies can help provide a solution
and are an up-and-coming answer to this energy debate, and may increase in popularity
as the governments move toward the deregulation of the utility industry. Despite their
modern high-tech aura, fuel cells actually have been known to science for more than 150
years. Though generally considered a curiosity in the 1800s, fuel cells have become the

subject of intense research and development, especially since World War II.

1.1 What Is a Fuel Cell?

As early as 1839, William Grove discovered the basic operating principle of fuel cells by
reversing water electrolysis to generate electricity from hydrogen and oxygen. The
principle that he discovered remains unchanged today.

A fuel cell is an electrochemical “device” that continuously converts chemical energy

into electric energy (and some heat) for as long as fuel and oxidant are supplied.
Fuel cells therefore bear similarities both to batteries, with which they share the
electrochemical nature of the power generation process, and to engines, which — unlike
batteries — will work continuously consuming a fuel of some sort. Here is where the

analogies stop, though. Unlike engines or batteries, a fuel cell does not need recharging, it



operates quietly and efficiently, and — when hydrogen is used as fuel — it generates
only power and drinking water. Thus, it is a so-called zero emission engine.
Thermodynamically, the most striking difference is that thermal engines are limited by

the Carnot efficiency while fuel cells are not.

Grove’s fuel cell was a fragile apparatus filled with dilute sulfuric acid into which
platinum electrodes were dipped. From there to modern fuel cell technology has been an

exciting but long and tortuous path.

1.1.1 Fuel Cell Description

Fuel cells are electrochemical devices that convert the chemical energy of a reaction
directly into electrical energy. The basic physical structure, or building block, of a fuel
cell consists of an electrolyte layer in contact with a porous anode and cathode on either
side. In a typical fuel cell, gaseous fuels are fed continuously to the anode (negative
electrode) and an oxidant (i.e., oxygen from air) is fed continuously to the cathode
(positive electrode); the electrochemical reactions take place at the electrodes to produce
an electric current. The fuel or oxidant gases flow past the surface of the anode or
cathode opposite the electrolyte and generate electrical energy by the electrochemical
~ oxidation of fuel, and the electrochemical reduction of the oxidant, usually oxygen. In
theory, any substance capable of chemical oxidation that can be supplied continuously (as
a fluid) can be burned galvanically as fuel at the anode of a fuel cell. Similarly, the
oxidant can be any fluid that can be reduced at a sufficient rate. A three-phase interface is
established among the reactants, electrolyte, and catalyst in the region of the porous
electrode. The nature of this interface plays a critical role in the electrochemical
performance of a fuel cell, particularly in those fuel cells with liquid electrolytes. In such
fuel cells, the reactant gases diffuse through a thin electrolyte film that wets portions of
the porous electrode and react electrochemically on their respective electrode surface. If
the porous electrode contains an excessive amount of electrolyte, the electrode may
"flood" and restrict the transport of gaseous species in the electrolyte phase to the
reaction sites. The consequence is a reduction.in the electrochemical performance of the

porous electrode. Thus, a delicate balance must be maintained among the electrode,



electrolyte, and gaseous phases in the porous electrode structure. Much of the recent
effort in development of fuel cell technology has been devoted to reducing the thickness
of cell components while refining and improving the electrode structure and the .
electrolyte phase, with the aim of obtaining a higher and more stable electrochemical
performance while lowering cost. The electrolyte not only transports dissolved reactants
to the electrode, but also conducts ionic charge bétween the electrodes and thereby
completes the cell electric circuit. It also provides a physical barrier to prevent the fuel
and oxidant gas streams from directly mixing.

The functions of porous electrodes in fuel cells are: 1) to provide a surface site where
gas/liquid ionization or de-ionization reactions can take place, 2) to conduct ions away
from or into the three phase interface once they are formed (so an electrode must be made
of materials that have good electrical conductance), and 3) to provide a physical barrier
that separates the bulk gas phase and the electrolyte. A corollary of Item 1 is that, in order
to increase the rates of reactions, the electrode material should be catalytic as well as
conductive, porous rather than solid. The catalytic function of electrodes is more
important in lower temperature fuel cells and less so in high temperature fuel cells
because ionization reaction rates increase with temperature. It is also a corollary that the
porous electrodes must be permeable to both electrolyte and gases, but not such that fhe
media can be easily "flooded" by the electrolyte or "dried" by the gases in a one-sided

manner.

1.1.2  Fuel Cell Types

A variety of fuel cells are in different stages of development. They can be classified by
use of diverse categories, depending on the combination of type of fuel and oxidant,
whether the fuel is processed outside (external reforming) or inside (internal reforming)
the fuel cell, the type of electrolyte, the temperature of operation, whether the reactants
are fed to the cell by internal or external manifolds, etc. The most common classification
of fuel cells is by the type of electrolyte used in the cells and includes 1) polymer
electrolyte fuel cell (PEFC), 2) alkaline fuel cell (AFC), 3) phosphoric acid fuel cell
(PAFC), 4) molten carbonate fuel cell (MCFC), and 5) solid oxide fuel cell (SOFC).

These fuel cells are listed in the order of approximate operating temperature, ranging



from ~80 °C for PEFC, ~100 °C for AFC, ~200 °C for PAFC, ~650 °C for MCFC, ~600-
1000 °C for SOFC. The operating temperature and useful life of a fuel cell dictate the
physico-chemical and thermo-mechanical properties of materials used in the cell

components (i.e., electrodes, electrolyte, interconnect, current collector, etc.). Aqueous
| electrolytes are limited to temperatures of about 200 °C or lower because of their high
water vapor pressure and rapid degradation at higher temperatures. The operating
temperature also plays an important role in dictating the type of fuel that can be used in a
fuel cell. The low-temperature fuel cells with aqueous electrolytes are, in most practical
applications, restricted to hydrogen as a fuel. In high temperature fuel cells, CO and even
CHy can be used because of the inherently rapid electrode kinetics and the lesser need for

high catalytic activity at high temperature.

1.1.3 Fuel Cell Characteristics

Fuel cells have many characteristics that make them favorable as energy conversion devices.

Two that have been instrumental in driving the interest for terrestrial application of the

technology are the combination of relatively high efficiency and very low environmental
intrusion (virtually no acid gas or solid emissions). Efficiencies of present fuel cell plants are

| in the range of 40 to 55% based on the lower heating value (LHV) of the fuel. In addition,

fuel cells operate at a constant temperature, and the heat from the electrochemical reaction is

available for cogeneration applications. Because fuel cells operate at nearly constant

efficiency, independent of size, small fuel cell plants operate nearly as efficiently as large

ones. Thus, fuel cell power plants can be configured in a wide range of electrical output,

ranging from watts to megawatts. Fuel cells are quiet and, even though fuel flexible, they are

sensitive to certain fuel contaminants that must be minimized in the fuel gas.

The two major impediments to the widespread use of fuel cells are 1) high initial cost and 2)

high-temperature cell endurance. These two aspects are the major focus of manufacturers’

technological efforts.

Other characteristics that fuel cells and fuel cell plants offer are:

e Direct energy conversion (no combustion).

e No moving parts in the energy converter.

¢ Quiet.



e Demonstrated high availability of lower temperature units.

e Fuel flexibility.

e Demonstrated endurance/reliability of lower temperature units.
¢ Good performance at off-design load operation.

e Modular installations to match load and increase reliability.

e Remote/unattended operation.

o Size flexibility.

e Rapid load following capability.

General negative features of fuel cells include:
e Market entry cost high; Ny, cost goals not demonstrated.
e Unfamiliar technology to the power industry.

e No infrastructure.

1.2 Objective of Thesis
= Mathematical analysis of a fuel cell
= »To develop a mathematical model for the thermodynamic analysis of the fuel
cell principles. Liquid-feed direct methanol fuel cell (DMFC) has been
considered for this purpose. The main reasons for selecting the liquid-feed
DMFC are:
o Design characteristic: No need of a fuel vaporizer or ‘reformer’
o Operating Characteristic: No need of high temperature or pressure
o Applicability: Promising for applications in portable electronic devices.
= Solution of the mathematical model

» Comparison of the proposed model with that of Z. H. Wang and C. Y. Wang'

1.3 Organization of Thesis

The thesis has been organized in six chapters. Chapter Two describes the
thermodynamics of the some of the chemical reactions normally encountered in
mathematical modeling of fuel cells and also the models available in literature are

reviewed. Chapter Three presents the development of mathematical model. Fourth



Chapter presents the solution of the model and its results, discussion and validation have
been given in Chapter Five. Finally Chapter Six highlights the main conclusions of the.

thesis and provides the recommendation for future work.



Chapter Two

Literature Review

positive electrode

OVERALL REACTION AY THE CATHODE
1.50; + 6H*~ 3H,0

CH.OH + H,O0 = €O, + 6H* + be-

FIGURE 2.1 Basic Direct Methanol Fuel Cell Operation (Source: Methanol Institute)

No doubt one of the most elegant solutions to the fueling problem would be to make fuel
cells operate on a liquid fuel. This is particularly so for transportation and the portable
sector. The direct methanol fuel cell (DMFC), a liquid- or vapor-fed PEM fuel cell
operating on a methanol/water mix and air, therefore deserves careful consideration. The
main technological challenges are the formulation of better anode catalysts to lower the
anode over potentials (currently several hundred milli-volts at practical current densities),
and the improvement of membranes and cathode catalysts in order to overcome cathode

poisoning and fuel losses by migration of methanol from anode to cathode.

The direct methanol fuel cell (DMFC) is often considered to be the ideal fuel cell system
since it operates on a liquid fuel, which for transportation applications can potentially be
distributed through the current petroleum distribution network. In addition, the DMFC
power system is inherently simpler and more attractive than the conventional indirect
methanol fuel cell, which relies on expensive and bulky catalytic reformer systems to

convert methanol to hydrogen fuel. DMFC systems are potentially cost effective, but only



if they can meet the power requirement necessary for a commercially viable appliance.
Unfortunately, commercialization of the DMFC has been slow because of its reduced
performance compared to Hy/O, systems, amounting to traditionally no more than one
quarter of the power densities, currently achieved with H, proton exchange membrane
fuel cells (PEMFCs). The major limitation of the DMFC is the reduced performance of
the anode, where more efficient merhanol electro-oxidation catalysts are urgently needed.
This limitation has prompted a large research effort to search for efficient methanol
oxidation catalyst materials — yet it appears that only platinum-based materials show
reasonable activity and the required stability. The availability of proton exchange
membrane (PEM) materials has extended the operational temperature of DMFCs beyond
those attainable with traditional liguid electrolytes and has led to major improvements in
performance over the past ten years. More recently, the DMFC system has received more
attention as the power densities of MEAs have improved. The performances of DMFCs
are now in a range that seems feasible for small portable applications; as a consequence,
this type of application has been identified as a niche market, which the DMFC could

dominate because of reduced system complexity.

However, the wide application of DMFC is still hindered by several technological
problems, low electro-activity of methanol oxidation on the anode, substantial methanol
crossover through the polymer membrane, and severe cathode flooding. The cell perfor-
mance is limited by anode kinetics due to its low exchange current density. Methanol
crossover further causes lower open-circuit voltage (OCV) and waste of fuel and hence

lower energy conversion efficiency. Water management greatly influences the cathode

2
performance®” .

Much work has been focused on the anodic oxidation of methanol.” The mechanism of
the electro catalytic oxidation of methanol at the anode was postulated.”* Different anode
catalyst structures of Pt-Ru were developed,” and several anode catalysts other than Pt-Ru
were explored.®® Additionally, the effects of the anode electrochemical reaction on cell

performance were experimentally studied.”"!



Methanol crossover in DMFC has been extensively studied both experimentally and

1.2 and Ren et al.'® measured the methanol crossover flux

theoretically. Narayanan ef a
with different membrane thicknesses and showed that the methanol crossover rate is
inversely proportional to the membrane thickness at a given cell current density, thus
indicating that diffusion is dominant. In addition, Ren et al."* compared the diffusion
with electro-osmotic drag processes and demonstrated the importance of the electro-
osmotic drag in the methanol transport through the membrane. In their analysis, the
methanol electro-osmotic drag is considered as a convection effect and the diluted
methanol moves with electro-osmotically dragged water molecules. Tricoli et al.'
compared the methanol transport in two types of membranes. Valdez and Narayanan'®
studied the temperature effects on methanol crossover and showed that the methanol
crossover rate increases with cell temperature. Hikita et al.'’ measured methanol
crossover and cell performance under different membrane thickness and methanol feed
concentrations. Their experiments showed that the cell performance during operation is
affected by methanol crossover but not significantly dependent on methanol crossover
flux in the case of sufficient oxygen supply. Ravikumar and Shukla'' operated the liquid-
feed DMFC at the oxygen pressure of 4 bars and found that the cell performance is
greatly affected by methanol crossover at the methanol feed concentration greater than 2
M, and that this effect aggravates with the operating temperature. Wang et al.'® analyzed
the chemical compositions of the cathode effluent of a DMFC with a mass spectrometer.
They found that the methanol crossing over the membrane is completely oxidized to CO,
at the cathode in the presence of a Pt catalyst. Additionally, the cathode potential is
influenced by the mixed potential phenomenon due to simultaneous methanol oxidation
and oxygen reduction as well as poisoning of Pt catalysts by methanol oxidation
intermediates. Kauranen and Skou'’ presented a semi-empirical model to describe the
methanol oxidation and oxygen reduction reactions on the cathode and concluded that the
oxygen reduction current is reduced in the presence of methanol oxidation due td surface

poisoning.

In spite of these challenges, progress in the DMFC performance has been made steadily

by many groups, e.g., Halpert et al. 20 of Jet Propulsion Laboratory (JPL) and Giner, Inc.,



Baldauf and Preidel?’ of Siemens, Ren et al®

of Los Alamos National Laboratory
(LANL), and Mench ef al.,*** and Lim and Wang®' of the Penn State University. A
comparative study of DMFC with hydrogen PEMFC was presented most recently by the

LANL group.zs’ 2

While attempts are continuing to elucidate the fundamental electrochemical reaction
mechanisms, to explore new compositions and structures of catalysts, and to develop new
membranes and methods for preventing methanol crossover, important system issues on
DMFC are emerging, such as water management, gas management, flow field design and
optimization, and cell up-scaling for different applications. A number of physicochemical
phenomena take place in liquid-feed DMFC, including species, charge, and momentum
transfer, multiple electrochemical reactions, and gas-liquid two-phase flow in both anode
and cathode. Carbon dioxide evolution in the liquid-feed anode results in strongly two-
phase flow, making the processes of reactant supply and product removal more
complicated. All these processes are intimately coupled, resulting in a need to search for
optimal cell design and operating conditions. A good understanding of these complex,
interacting phenomena is thus essential and can be most likely achieved through a

combined mathematical modeling and detailed experimental approach.

Baxter er al.*’ developed a one-dimensional mathematical model for a liquid-feed
DMFC, mainly focused on the anode catalyst layer. A major assumption of their study was
that the carbon dioxide is only dissolved in the liquid and hence their model of transport
and electrochemical processes in the anode catalyst layer is single-phase only. Using a
macro-homogeneous model to describe the reaction and transport in the catalyst layer of
vapor-feed anode, Wang and Savinell”® discussed the effects of the anode catalyst layer
structure on cell performance. Kulikovsky et al. ¥ simulated a vapor-feed DMFC with a
two-dimensional model and compared the detailed current density distributions in
backing, catalyst layer, and membrane separator between conventional and alternative
current collectors. In another paper, Kulikovsky’® numerically studied a liquidfeed
DMFC considering methanol transport through the liquid phase and in hydrophilic pores

of the anode backing. In both publications of Kulikovsky, the important phenomenon of

10



methanol crossover was ignored. Dohle ef al.*' presented a one-dimensional model for
the vapor-feed DMFC, and the crossover phenomenon was described. The effects of

methanol concentration on the cell performance were studied. Scott es al.**™’

also
developed several simplified single-phase models to study transport and electrochemical
processes in liquid-feed DMFC and showed that the cell performance is limited by the

slow diffusion of methanol in liquid.

In a recent paper, Wang & Wang36, suggested a comprehensive model for two-phase
flow, multi-component transport, and detailed electrochemical reactions are presented for
a liquid-feed DMFC, including electrodes, channels, and PEM separator. The model was
intended to provide a useful tool for the basic understanding of electrochemical
‘phenomena in DMFC and for the optimization of cell design and operating conditions.
The model was solved and validated against experimental performance data. The
electrochemical processes were numerically analyzed and the effects of the anode feed
methanol concentration on cell performance were studied in detail to illustrate the utility

of the model. The effect of methanol crossover on cell performance was also explored.

2.2 Operating Principle of the DMFC

Methanol and water electrochemically react (i.e., methanol is electro-oxidized) at the
anode to produce carbon dioxide, protons, and electrons as shown in Eq. (2.1). An acidic
electrolyte is advantageous to aid CO, rejection since insoluble carbonates form in
alkaline electrolytes. The protons produced at the anode migrate through the polymer
electrolyte to the cathode where they react with oxygen (usually from air) to produce
water as shown in Eq. (2.2). The electrons produced at the anode carry the free energy
change of the chemical reaction and travel through the external circuit where they can be

made to do useful work, such as powering an electric motor. A schematic of a DMFC is

shown in Fig. 2.1.

CH;OH + H,0 —> CO, + 6H" + 6¢” (Eanoce = 0.046 V anode reaction).........(2.1)

11



3

5 0, +6H" + 6¢”— 3 H,0 (E® cathode =1.23 V cathode reaction)..... (2.2)
CH;0H + % 0, +H,0 5> CO, +3H,0 (B =1.18 V cell voltage).............. (2.3)
“Driven -
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FIGURE 2.2 Schematic of a DMFC

2.3 Chemical Thermodynamics

Electrochemical cells such as fuel cells operate at constant temperatures with the products
of the reaction leaving at the same temperature as the reactants. Because of this
isothermal reaction, more of the chemical energy of the reactants is converted to
electrical energy instead of being consumed to raise the temperature of the products; the
electrochemical conversion process is therefore less irreversible than the combustion
reaction. In the electrochemical cell, none of the criteria that define heat engines satisfied,
so the Carnot cycle efficiency, which limits the maximum work to the highest
temperature of the cycle, is irrelevant to electrochemical cells. Instead, the maximum
work for an electrochemical cell, Wyax, cell, 1S €qual to the change in the Gibbs function

(or Gibbs energy), AG, between products and reactants.

Wmax, cel =-AG (24)

12



(The derivation is presented later in Section 3.4.4). The work, which is done by the
movement of electrons through a difference in electrical potential, is denoted Wy in Eq.

(2.5). In electrical terms, the work done by electrons with the charge n.F moving through

a potential difference, E is:
Weeit = neFE (2.5)

In Eq. (2.5), n. is the number of electrons transferred per mole of fuel and F' is the charge
carried by a mole of electrons, which is Faraday’s number (96,485 C/mole—1).

Chemical reactions proceed in the direction that minimizes the Gibb’s energy. The
change in Gibb’s energy is negative as the reaction approaches equilibrium, and at
chemical equilibrium the change in Gibb’s energy is zero. The maximum work that an
electrochemical cell can perform is equal to the change in the Gibb’s energy as the
reactants go to products. This work is done by the movement of electrical charge through
a voltage, and at equilibrium the voltage is related to the change in Gibbs energy as
shown earlier in Eq. (2.4). The Nernst equation is based on the Gibbs energy change and
1s derived in the later section.

The basis for the equations in this section is the definition of Gibb’s energy.

G=H-TS (2.6)
In the differential form, the Gibb’s energy becomes

dG =dH - TdS — SdT

Substituting the definition of enthalpy for H gives

dG =d(U +PV)-TdS - SdT

dG =dU + PdV + VdP — TdS — SdT

The first term, dU, is replaced by the First Law of Thermodynamics to give the general
expression for the change in Gibb’s energy as applied to a closed (properties constant

with time; £ = 0), stationary system:

dG =98Q - dW + PdV + VdP — TdS — SdT (2.7)

13



2.3.1 Criterion for a Spontaneous Reaction

The Gibb’s energy is a function of temperature and pressure, and the effects of 7" and P
on AG are shown in the following derivation based on Eq. (3.56). For a reversible
process, dQ and 7dS in Eq. (2.7) cancel because of the Second Law relationship. If the

system is restricted to doing only expansion work, then 8/ and PdV cancel:
dG =48Q - §W + PdV - TdS

If the system is restricted to doing only expansion-type work, 8W cancels with PdV to
give Eq. (2.8).

dG =06Q - TdS (2.8)
The Second Law of following equation:

as - (Q)
r rev

is rewritten with an inequality sign (= for a reversible and > for an irreversible process),

and it is substituted into Eq. (2.8) to give Eq. (2.9).

as > (552] 29)
T rev,irrev
Q- TdS <0

With the Second Law, Eq. (2.8) becomes

dG=8Q - TdS <0

Therefore, in Eq. (2.10), to satisfy the Second Law, a reaction at constant temperature
and pressure (7, P) will proceed in a direction of a negative change in Gibb’s energy to
the point where it reaches a minimum, dG = 0. When dG = 0, the reaction is at

equilibrium.
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(dG)r,p<0 (2.10)
If the change is positive, the reaction violates the Second Law of Thermodynamics.

2.3.2 The Effect of Temperature and Pressure on AG

The Gibbs energy is a function of temperature and pressure, and the effects of 7'and P on
AG are shown in the following derivation based on Eq. (2.7). For a reversible process, 6Q
and 7dS in Eq. (2.7) cancel because of the Second Law relationship. If the system is

restricted to doing only expansion work, then 6 and PdV cancel:

dG = VdP - SdT (2.11)

For an ideal gas, if T is constant, the Gibbs energy at one pressure can be determined with
respect to its value at a reference pressure. The ideal gas equation of state begins the

derivation for an expression that shows the pressure dependency of the Gibbs function:

PV =nRT

In the ideal gas equation, # is the number of moles, R is the molar gas constant, and T is

the absolute temperature.

For an isothermal process, Eq. (2.11) becomes:
dG = VdP
The ideal gas equation is substituted for V,

dG = nRTd—P
P

and the differential is integrated.

2 B 2 dP
{[dG—nRT]J'—P—

The Gibbs energy change for a change in pressure at constant temperature is
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Gz — Gy =nRTIn [QJ
A

G, =G’ + nRTln( 2} (2.12)

v |0

Eq. (3.61) can be rewritten in a molar quantity (lowercase) (kj/mol) and denoted by the

overhead bar, —:

0

g, =g +nRTln(—%—]

The standard Gibb’s energy at the reference state is a function only of temperature, and
the pressure term allows the Gibb’s to be calculated for different pressures. In
thermodynamics texts, the standard Gibb’s function is tabulated in terms of temperatures

at a fixed reference pressure (P° =1 atm).

g (T,P)=g° +nRTln[§] (2.13)

0

2.3.3 Equilibrium of a Gas Mixture

For a chemical reaction occurring at constant temperature and pressure, the reactant gases
A and B form products M and N. The stoichiometric coefficients are written with the

italicized, lowercase letters a, b, m, and n.

aA + bB < mM + uN

The change in the Gibbs energy, .G, is denoted as the difference between the products

and reactants.

AG=mg, +ng, -ag, -bg,

| Eq. (2.13) is substituted for each of the four terms.
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- P - P _
AG=m [gMO +nRTln[7§4—]] +n [gNO +nRTln[_}gJ] _a [ng + nRTln[PA ]]

0 0 0

blg,’ +nRTln[%—]]

0

The standard Gibbs energy terms can be consolidated into the change in standard Gibbs

energy, AG°.

AG'=mg +ng’y -ag’s -bg's

The reference pressure, P°, is usually taken as 1 atm, and the expression can be simplified

to

AG; = AG® + RTIn| ——
A B

Substituting Q as the general reaction quotient for the pressures,

P Pl
P} Py

the expression is simplified into Eq. (2.14) for the change in Gibbs energy of a reaction

involving gases.

AG = AG" + RTInQ (2.14)

2.3.4 The Nernst Equation

The general expression in Eq. (2.14), which was derived for gas mixtures, can be
converted to an expression for electrochemical equilibrium by using the work
relationship presented earlier in Eq. (2.5).

W, = nFE (2.15)
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where W, is the electrochemical work, n. is the number of electrical charges (electrons or
protons) transferred in the reaction, F is the charge carried by a mole of electrons (or
protons), and E is the voltage difference across the electrodes. The change in Gibb’s
energy is equal to the negative of the electrochemical work as shown in Eq. (2.4).

Substituting Eq. (2.15) into Eq. (2.4) gives Eq. (2.16).

AG = - n,FE (2.16)

The same substitution is applied to the standard Gibbs energy to define the standard
potential, £°, in Eq. (2.17).

AG® = - nFE" (2.17)
Substituting the values of AG and AG® in Eq. (2.14) gives,

- neFE = - nFE’ + RTInQ

_Rr
n F

€

E=E’ [nQ (2.18)

~2303RT

E=E’ log Q

e

If the denominator of the reaction quotient is less than the numerator, the natural log term
subtracts from the standard electrode potential, lowering the performance of the fuel cell.

Therefore, diluting the reactant gases will lower the maximum voltage that the cell can

produce.

2.4 Working of Direct Methanol Fuel Cells (DMFC)

A conceptual design of the DLFC module, principles and functioning which resulted in

several dramatic improvements in the technology, are shown here:
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2.4.1 The Direct Methanol Fuel Cell Process

The thermodynamic potential is created through the use of a polymer electrolyte
membrane that allows only certain chemical species to pass through it. On one side of
this membrane, a methanol and water mixture is fed to an anode catalyst that separates
the methanol molecule into hydrogen atoms and carbon dioxide. The separated hydrogen
atoms are then typically stripped of their electron, and passed through the membrane to
the cathode side of the cell. At the cathode catalyst. the protons (hydrogen atoms without
an electron) react with the oxygen in air to form water minus an electron. By connecting
a conductive wire from the anode to the cathode side, the electrons stripped from the
hydrogen atoms on the anode side can travel to the cathode side and combine with the

electron deficient species.

From a thermodynamic perspective, the electrons "want" to travel to the cathode side a
specific "amount,” that can be quantified as the open circuit voltage. The open circuit
voltage is measured with a voltimeter across the cell set to an extremely high resistance.
The thermodynamic favoring of reacting the methanol and O, into carbon dioxide and
water forces a difference in energy to build across the membrane until the systelﬁ reaches
equilibrium. Once this level is reached the components stop reacting, and no additional
useful energy is produced.

Useful energy is produced by lowering the voltage across the membrane below the
equilibrium value. This is done by placing a resistance on the wire connecting the two
sides that is weak enough that current can flow through it. The smaller the voltage
difference that is imposed on the fuel cell in this manner, the more current is produced
until a proton transport rate limit is reached, after which no additional energy is produced.
The overall reaction occurring in the DMFC 1s the same as that for the direct combustion

of methanol,

i.e; CH3;OH + 3/2 Oy — CO, + 2H,0
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FIGURE 2.6 schematic of the operating principles of DMI'C

The figure above shows a schematic of the operating principles of fuel cell utilizing
methanol as fuel, i.e.. a Direct Methanol Fuel Cell (DMFC). When providing current,
methanol is electrochemically oxidized at the anode electrocatalyst to produce electrons
which travel through the external circuit to the cathode electrocatalyst where they are
consumed together with oxygen in a reduction reaction. The circuit is maintained within

the cell by the conduction of protons in the electrolyte.

2.4.2 Byproducts of DMFCs

The job of the fuel cell is to convert the chemical energy of a fuel directly into electrical
current without burning it. Unlike internal combustion engines there is no combustion
process; therefore no airborne pollutants are generated. The only "exhaust" or by-product
of this exchange is pure water and some carbon dioxide (CO,). Unlike other fuel cell
technologies, DMFC (Direct Methanol Fuel Cell) technology produces no carbon
monoxide or other particulates such as oxides of nitrogen (NOy), oxides of sulfur (SOy)
or reactive organic gases (ROG). In lay terms, the total approximate amount of carbon
dioxide is half of what is currently generated by combustion engines. Thus, the effect on

our planet of utilizing the DMFC and methanol for energy production is profound.
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2.4.3 Advantages of DMFC over other fuel cells

In terms of the amount of electricity generated. a Direct Methanol Fuel Cell (DMFC) can
currently generate 300-500 milli-watts per centimeter squared. The area of the cell size
and the number of cells stacked together will provide the necessary power generation for

whatever the watt and kilowatt needs are for vehicular and stationary applications.

The liquid fuel design of Direct Methanol Fuel Cells has numerous system-level
advantages over the gas fuel or reformer design fuel cells. A Direct Methanol Fuel Cell
(DMEC):

» Eliminates the fuel vaporizer or "reformer”

* FEliminates high pressures and temperatures. DMFC operate effectively at room
temperature and pressures less than 20 psi.

» Fliminates the complex water and thermal management systems that are needed to
maintain the equilibrium of temperature and pressures in the reformer type fuel cells.

This in turn,

Eliminates the need for inner heating and cooling plates.

= Eliminates the humidification process of reformer technology without which
membranes dry up and crack. The liquid state of Direct Methanol Fuel Cells provides
a constant bath for the membranes.

= Significantly lowers system size and weight, due in large part to the elimination of the
reformer, a costly, complex space hog.

= DMFCs use bi-plates that can be made out of non-metallic lightweight, flexible

materials that are significantly lower in cost than metallic materials.
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Chapter Three

Mathematical Analysis and Model Development

This Chapter describes the formulation of mathematical model for liquid-feed direct

methanol fuetl cell.

Mathematical Analysis of the proposed model:

— Determine the Gibbs Potential of the electrochemical reaction, a thermodynamic
property and strong function of temperature

— Determine the Nernst Potential of the electrochemical reaction in the reaction
conditions. The Nernst Potential is equal to the Gibbs Potential minus a correction for
the partial pressures of reactants in the electrochemical reaction.

— Determine the cell voltage with the specified cell materials.

Input: Temperature, Pressure

Output: Gibbs Potential, AH, AG, Wnei, 1densitys Veell, Mith

3.1 Model Development

Based on the principles of fuel cells performance, and in order to calculate thermal and
electrical output, following Mathematical Model for fuel cell performance assessment
can be suggested. The model is based on electrochemical engineering fundamentals and

has been developed on the following assumptions:

Assumptions:

* Fuel and oxidant are perfect gases.

® The model can be applied on any type of fuel cells.

® [t considers stationary fuel cells.

® The fuel is CH;0H i.e. 3% Methanol/Water; and the oxidant is O,.

* The conversion of energy occurs isothermally and in constant volume.

" Temperature and pressure are uniform along the electrodes.

* Adiabatic operation — reasonable. Stack is assumed to be effectively insulated.
= Total Air side molar flow unchanged for Kp calculation.

* Kp independent of pressure — true if Ideal Gas approximation holds.
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s Degree of conversion is assumed to be 99%
» Physical geometry is assumed to be rectangular.

= Cell active area is assumed to be 5 cm’

3.1.1 Calculation Stages

The following steps have been identified for modeling:

Step — 1:

Define the chemical reaction equations and the corresponding stoichiometric coefficients

General Equation:
aA + bB <> mM + nN

In our case:

CH;OH (ag.) + % 0, (£) + H:0 (g) = CO; (&) + 3 H,0 (1

% CHiOH (1) +  0:(e) > CO2 (&) +2 H0 ()
Comparing the two gives,

a=1,b=3/2, m=1andn=2.

Step — 2:

Define the half reactions at the anode and cathode and the valency, n,:

Anode: CH;0H + H,0 —» CO, + 6H + 6e”
Cathode: % 0O, + 6H" + 6e”— 3 H,0

Thus, number of " = n, = 6 (in our case)

Step - 3:

Establish the operating temperature, T, and partial pressures, Pco, s Pryos Penon » Po, » OF

the reaction components.
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Our reaction is:

3
CH;0H + 5 0, - | CO+2H,0
Feed Exit

Having, partial pressure = Total pressure x Mole fraction

The partial pressures of the reaction components are calculated as:

Reaction No. of moles in Feed | No. of moles at exit | Mole fraction at exit
Component

CO, 0 € /0.5 (¢ +5)

H,0 0 2¢ 2¢/0.5 (€ +5)
CH;0H 1 1-¢ (1-8)/0.5(g+5)

0, 32 3/2(1 -¢) 372 (1+€) /0.5 (¢ +5)

where, ¢ is ‘degree of conversion’

Thus,
&
o= P—"
Peo, 0.5(¢ +5)
2&
=p.—=
Pro =05+ 5)
o _p (-g)
CHOH 0. Sm(g +5) s
~(1-2)
= P________
Po, 0.5(¢ +5)

where, P = Total pressure.

Step — 4:

Establish the equilibrium constant ‘K’ at operating temperature (the) and pressure (P).
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K=K, K"
where,
K, = equilibrium constant of mole fractions

K, = equilibrium constant of fugacity coefficients

P = Total pressure

v, = degree of freedom of reaction

In case of liquid-feed DMFC,

_ [p co, Hp H,0 ]2
Ky ;
[P CH,OH ]X[Poz k

Thus,

K= [p CO, ]X[p H,0 ]2

[p CHLOH ]"'[poz ]%

K P®)

Step — 5:
a.) Calculate the Gibbs free energy at standard temperature and pressure
(T=25°C/298 K; P =1 atm)

AGfm,zg8 = AG,‘.)mmi [products] - AGfm’298 [reactants)

For a DMFC,

AGSW,298 = {AGgm,zgs [CO2] +2 AGgm,Z‘)S [H2O]} - {AG:m,ms [CH3OH] +

3
E A Gr('in,298 [02]}

b.) Calculate the Gibbs free energy at specific temperature (T) and pressure (P)

AernJ‘ = AGg’nJ% + RTln[K]
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K = [peo, Wl "”2”]1 K PO (For DMFC)

[Pesnon Klpo,

Thus,
2
Aer,,;/v = AGgm,zr)s + RTln[ [p(,‘()z ]x[pyzo]3 . K(pP(”i)]
[p(}H{)H ]X[poz ]5 .
Step — 6

a.) Calculate of change in Enthalpy at standard temperature and pressure
A Hr?m,298 =A Ht(')xn,298 [prOduCIS] -A chn,298 [reactantS]
For a DMFC,

A Hr(')xn,298 = {A Hgm,2‘)8 [COQ] + 2 A H?xn,298 [HZO]} - {A H.roxn,298 [CH3OH] +

3
E AH 2\':1,298 [02]}

'b.) Calculate the change in Enthalpy at specific temperature (T).

AH .y = AHY,  +RIAA (T-298) + 52 (122987 + 55 (1%:298)
AD 1 1 AE 4 4
AL 1 1y AE g
1 (T 298) 4 ( )]
where,

AA = A [products] — A [reactants]

" For a DMFC,

3

AA = { l,Acoz j +2 [AHzO J} -1 lA(:HJ()HJ + 5 l.Aoz J}

Similarly, values of AB, AC, AD, AE would be established.
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Step - 7:
a.) Establish the standard fuel cell EMF
A Ggrn,298 - ‘ncFEO

0
AGr.m,Z‘)S
nF

= E'=

where,

F = Faraday’s constant
b.) Establish the Nernst potential at a specific temperature (T) and pressure (P = 1 atm)

ENemst = EO - MIOg Q
n F

e

where, Q) is the general reaction quotient for the pressures, and equals

_ [pco2 1"[10 Hy0 ]2
3
[p CHOH ]"[p 0, ﬁ

Q

(for DMFC)

Step - §:

Establish the maximum work output of the fuel cell.

For a fuel cell, in electrical terms, the work done by electrons with the charge n.F moving
through a potential difference, E is:

Ween = nFE

Also, AG =-n.FE

ren, T

Thus,
Wean=-AG

rxn, 1’

Step - 9:
Establish the fuel cell heat output
QP - A HSm,ZOS
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where,

AH}, 5= Hp - Hg, is the change in enthalpy of formation

Step - 10:
Establish the fuel cell thermal efficiency.
114

cell

"y,

Step — 11:

Establish the cell current and current density.
[=neneF

where,

n. = fuel rate in gm-moles / sec

Lgensiy =1/ A

. . . 2
where, A is the available area in cm

Step — 12:

Establish the cell voltage.

The cell voltage is given by application of Ohms Law (R = V/I)

Vel = Enernst— Ldensity X ASRcetl

Where Lgensity 1 the current density of the electrochemical reaction, and ASR is the

Area Specific Resistance of the cell i.e. the resistance seen by the current density.
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Chapter Four
Solution of the Model

This chapter presents an algorithm of the method to solve the model equations described
in the previous chapter. To initiate the calculations, values for ‘degree of conversion’,

‘fuel flow rate’, ‘cell geometry specifications’ and ‘area specific resistance’ are assumed.

4.1 Solution of thermodynamic equations

Based on inlet data and assumed parameters, as suggested in the algorithm, Fig. 4.1, the
solution first requires the calculation of partial pressures of reaction components. For

liquid-feed direct methanol fuel cell, they are as follows:

e &
Peo, = 056+ 5)
2¢
—p__t
Pro =50 5z +5)
_ (1-g)e an
Pcron 0. 5—(8 +5) s
~-2)

—p2

Po, =20 56+ 5)

For solving the model, we have optimized the model by assuming the degree of

conversion, £ = 99%

The partial pressures thus calculated would be substituted in the relevant equation to

calculate the Equilibrium Constant, K, at varying P and T.

K = [p Co, ]X[P H,0 ]2
3
[p(7H3OH 1"[]’02 ]5

Since the model is optimized with an assumption that ideal gas scenario is applicable,

K PO

K,=1
Thus,
K = [Pa}, l‘[P Hy0 ]23 pov)

[p(,‘H_,,()H 1X[P 0, ]5
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Also, the value of AG,),, , is calculated from the inlet data.

Having calculated the values of K and /.&Gfng8 ,AG,, , 1s calculated subsequently, using

rxnm,

AG,,; =AG,, s + RTIn[K]
Having known AG,, , here will also establish the values of W, as
Wean =-AG

rcn,

Next to this, AH,, ,,, and AH s SOlved and the solution involves the data from the
standard thermodynamic property tables.
AH, a0 = {0 H 0 [CO2l + 28 H 10 [H201} - {AH,, 00 [CH3OH] +

3
5 A Hsm,ms [02]}

Also,
Qp=AH

rxn,298

Thus, Qp is also obtained with the calculation of A /), 5,

AH,,, =AH?, 0 + R [AA (T-298) + % (T2-298%) + %‘3 (1°-298%)
AD 1 1 AE 4. 4
- S (o - ) = (T4298
1 (T 298) 4 ( )]

Having calculated the value of AG? in the previous step, gives E° as:
rxn,298 p

AG?

EO = rxn 298
nF
where F = Faraday’s constant = = 96485 C / (mole ¢")

Specifically, at P = | atm
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[Pco2 1"[1” HY0 ]2
3
[P CHLOH ]x [p O, F

Having known E® and Q, Enemst 1S calculated as:

Q=K=

ENemst = EO - ~2"203—RT10g Q
n F

€

Also, having the known the values of W and Qp

W

cell

Nth =
Op

Further to this, current and current density are established.

n. 1s assumed over a range

For a DMFC,
ne=2"6

Thus,
I[=578910n,

Coming to the current density, the geometric dimensions are required which are again
assumed as one of the design parameter.

The design parameters are assumed as:

Geometry: rectangular

Cell active area = 5 cm”’

Thus,
Idensity =I1/A
=121571.1n,

Having known Enermst and Igensity, finally the cell voltage is calculated as
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Vce]l = ENemst‘ Idensity X ASRce]l
= Vcell = ENemst— 12157111‘10 X ASRcent

The model is optimized with ASR¢e assumption as:

ASR = 4.737 Q-cm?

This gives,

Vet = Enemst —575882.3 n,

Finally, all the output parameters, which are calculated, are tabulated for further graphical

representation, analysis and subsequent validation

35



Chapter Five

Results and Discussion

The mathematical model is developed. This chapter describes the results obtained by
solving the model developed in chapter 3. The model was solved using the algorithm
explained in chapter 4 for mathematical modeling of liquid-feed direct methanol fuel cell.
Net work output, net heat output, thermal efficiency, Nernst potential and cell voltage are
calculated for DMFC. The sample calculation of one set of parameters has been given in
Annexure-B.

In the following section, model validity and effect of operation variables, namely
temperature, pressure and fuel flow rate, has been analyzed.

In this study, the operating parameters are optimized in accordance with the reference
model proposed by Z H. Wang and C. Y. Wang'and are given below in Table 5.1. Also,
validation is made by comparing the two models.

Further, this chapter describes the variation of operating variables on thermodynamic and

electrochemical properties of DMFC.

Table 5.1 Operating Parameters

Parameter Value

Temperature 25°C-90°C

Pressure 1 —5 atmosphere

Degree of conversion, € 99%

Fuel Flow Rate, n. 2.15x 107 -2.33x 10° gm-mole/sec
Celi Active Area 5cm”

Area Specific Resistance 4.737 Q-cm”

The variation of Gibbs free energy as a function of temperature at different values of
pressure is calculated and shown in Fig. 5.1. This provides us with the trend in the

variation of the net work output of the fuel cell as a function of temperature. The change
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in enthalpy of a reaction is indicative of the net heat output. The trend of the variation in
net heat output as a function of temperature is analyzed by analyzing the change in

enthalpy curve as a function of temperature, as shown in Fig. 5.2.

The variation of thermal efficiency of the concerned fuel cell as a function of operating
temperature is shown in Fig. 5.3. Nernst potential, an inherent electrochemical property
of a fuel cell is analyzed at varying temperatures in Fig. 5.5. Also, the effect of variation

in fuel flow rate on cell current is represented in the Fig. 5.6.

Fuel cell polarization curve is drawn between cell voltage and current density in Fig. 5.7
and is the main characteristic curve for validation of proposed model against the

reference model.

5.1 Validity of Model
Polarization curves for the baseline cell as proposed in the model developed by Z H.

Wang and C. Y. Wang'is shown below:

0.8
o &6
on ™\, W/o gas phase transport
= N
204
3 w!gas phase tmnspont

0,3 po=

Uli} NS — o =

Cell current dens ity, Afem
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Fig. 5.7 reveals the Polarization curve for the liquid-feed direct methanol fuel cell as

proposed in the model developed under this dissertation:

Graphical comparison of the two curves, ignoring the transport phenomena involved, is

indicative of the curvature similarity between the two curves and hence, validates the

proposed model. A near similarity is observed in the values of cell voltage corresponding

to a specific current density, on comparison of the proposed model with the reference

model.

From the polarization curve of the reference model suggested by Z. H. Wang and C. Y.

Wang', following values are extracted using the software, ‘Data from Graph':

Table 5.2 Mode! Validation

Current Density, Cell Voltage - Cell Voltage - Variation, %
Alem? Proposed Model Reference Model
0.25 0.2 0.198 ~10%
0.175 0.4 0.423 ~5%
0.05 0.6 0.608 ~1%
0.025 0.7 0.707 ~1%

A near similarity is observed in the values of cell voltage corresponding to a specific
current density, on comparison of the proposed model with the reference model. The
variation in values between the reference model and the proposed model range between 1
— 10 %,, which is suitable acceptable range.

Hence, the proposed model is validated along with the assumptions.
3.2 Effect of Variables

Calculations have been performed for the different range of different variables given in
Table 5.1,
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Calculation for the output variables namely, fuel cell efficiency, net work output, net heat

output, Nernst potential and cell voltage, has been done as the procedure given in

Annexure-B and results in Annexure-C.

Following sub-sections discuss the effect of operating variables, namely, temperature,

pressure, fuel flow rate on the output variables.

5.2.1 Effect of temperature

Close examination of the figures reveal following features:

Fig. 5.4. reveals that net work output at a specific pressure increases with increase in
temperature

Fig. 5.2 reveals that net heat output of a fuel cell decreases with increase in fuel cell
operating temperature

Fig. 5.3 reveals that thermal efficiency of a fuel cell increases with increase in fuel
cell operating temperature. Although the degree of increase in the thermal efficiency
is higher at higher temperature range.

Fig. 5.5 reveals that Nernst potential of a fuel cell increases with increase in fuel cell
operating temperature. The degree of increase of Nernst potential wit h temperature

closely resembles the exponential curve.

5.2.2 Effect of pressure

Fig. 5.4. reveals that net work output at a specific pressure increases with increase in
temperature. However, the value of net work output lowers with increasing operating
pressure.

All other output parameters are established at fixed pressure of 1 atm and the effect of

the pressure therewith is considered to be negligible.

5.2.3 Effect of fuel flow rate

Fig. 5.4. reveals that the cell current is directly proportional to the fuel flow rate thus

indicative of the increase in cell current with increase in fuel flow rate,
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Chapter Six

Conclusion and Recommendations

6.1 Conclusion

Following conclusions can be drawn using the results obtained in chapter 5:

1.

The increase in methanol feed flow rate leads to a proportional increase in the
maximum current density which in turn leads to decrease in cell voltage.

Nernst potential is observed to dependent on temperature and increases with
increase in temperature. Also, as established in the proposed model, the cell
voltage is affected with the increase or decrease in cell potential. Having kept the
fuel flow rate steady at a specific cell active area and area specific resistance, it
can be concluded that increase in temperature will increase the cell voltage.

The thermal efficiency, which is a contributing factor in the total efficiency of the
cell, increases with increase in temperature. Also, the degree of conversion is
assumed to be high which gives high net heat output and high work output.

The mathematical model developed has shown satisfactory results in simulating a
liquid-feed direct methanol fuel cell. The results have been found to agree with
those of Z. H. Wang and C. Y. Wang'. The maximum deviation found is of the
order of 10%.

The model and its solution has also been successful in determining the effect of

various operating variables.

6.2 Recommendations

Although this model and the suggested algorithm for the solution of the model has been

able to simulate the liquid-feed direct methanol fuel cell within satisfactory limits, still

many of simplifications, which exists now could be rectified and are henceforth being

recommended here for further investigation.

1. In this study, a very high degree of conversion has been assumed which is not
the actual case. Methanol crossover is observed in real working situations.
The cell voltage is greatly reduced due to excessive methanol crossover and
the maximum cell current density may be limited by oxygen transport on the

cathode because the parasitic reaction of crossed methanol consumes oxygen
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as well. So a study can be made by taking a model that include the effects of
methanol crossover to obtain more accurate and practically applicable results.
Here in this study, the proposed model is mainly based on the
thermodynamics involved in the working of a fuel cell. Implementation of
transport phenomenon in suggesting further models can provide better
simulation of a liquid-feed direct methanol fuel cell.

Here in this study, the model is proposed under ideal gas condition. A real gas
assumption can provide a more tuned and complex model to obtain more

accurate results.
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Annexure - A

Table A.1:

Formula Name Phase AG,OX,,,zgg (kJ/mole)
CH;0H Methanol L -166.24

CO; Carbon dioxide G -394.36

H,O Water L -237.14

0O, Oxygen G 0 (as free element in nature)
Table A.2:

Formula Name Phase A Hfm’m (kJ/mole)
CH;0H Methanol L -238.73

CO; Carbon dioxide G -393.51

H,O Water L -285.83

0, Oxygen G 0 (as free element in nature)
Table A.3:

Formula Name A Bx10° [Cx10° [Dx10” | Ex 1057
CH;OH Methanol 2.211 12216 | -3.45

CO, Carbon dioxide | 5.457 1.045 -1.157

H,O Water 3.470 1.45 0.121

0, Oxygen 3.639 0.506 -0.227

53




Annexure - B

Sample Calculations:
Case—1(T=80"C,P =1 atm)
Step-1 & 2:

Cell equation:
Anode: CH;0H + H,O — CO, + 6H' + 6e~

Cathode: % 0O, + 6H" + 6" — 3 H,0

CH,0H (aq.) + % 0, (2) = CO, () +2 H0 (1)

Here, ne=6

Step-3 & 4:
At, T=80°C,P=1atm & £ = 0.99 (assumed)

£
o = P—2
Peo, 0.5(¢ +95)
2
=P —=
Pro =50 5 +5)
(1-¢e)e
: =P, ———— an
Paron =50 sz +9)
3
5(1 —£)
Po, =P.
0.5(¢ +5)
2
K = [P(.'o2 ]X[p HZ()]3 ‘ K(pP(U )

[P CHAOH 1x[p (0 ]5

At,P=1atm, K,= 1
Substituting the values, we get
K=1.22x107
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Step-5:

3
AG,, a9 = {8Gpy 205 [CO2l + 2 AG,, 04 [HiO]} - {AG,,, 4 [CH3OH] + 54 G 205 [02]}

Taking values of Gibbs free energy of formation at 298 K and 1 bar from Annexure-A,
Table A.1

AGgm’298 = {(-394.36) + 2 (-237.14)} - {(-166.34) + %(O)}

=-7023kJ

AG,.; =AGy, s +RTIN[K]
=-702300 + 8.314 x 353 x In(1.22 x 107)
=-735.505 kJ

Step-6:

AH 08 = AAH 20 [CO2l +2 AH 10 [H2O1} - {AH_, 555 [CH3OH] +

rxn,298

3
—2_ A Hr(—)xn,298 [02]}

Taking values of enthalpy of formation at 298 K and 1 bar from Annexure-A, Table A.2

AHS, 0 = {(-393.51)+ 2 (-285.83)} - {(-238.73) + %(0)}

=-726.44 kJ

AH,,, =AH, o +R[AA(T-298) + %B_ (T%-298°%) + %E(T3-2983)

rxn, 1

AD 1 1
1 T 298

Taking values of A, B, C, D and E from Annexure-A, Table A.3

)+ %(T‘-z%“)]

AA = {5.457 +2 x 3.470} — {2211 + % X 3.639}

=4.7275
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Similarly, AB = -9.03 x 107
AC=3.45x 10"

AD =-0.688 x 10°

AE =0

-9.03x10™

AH . =-726440 + 8.314 [4.7275 (353-298) + _—__2—(3532-2982) +

rxn T

-0.688x10° 1 1 0 4 4
39983 - - + —(353%.208
(355°-298") 1 (353 298) 4( )l

3.45x10°

Thus,
AH,, =-725455Kk]
Step-7:

0
Aern ,298
n I

E'=-

_ — 702300
6x96485

=1213V

ENernst = EO - E"O?’—R—T'log Q
n F

€

Where, Q = Kp-1 atm
Thus, Q= 1.22x 107

Therefore,
2.303 x8.314x353 5
Enemst = 1.213 - log (1.22 x 10
Nemst 6x96485 8 )
=1.270V
Step-8:
Since,
Ween =-AG

rxn, 1’
= Ween = - (-735.505 kJ)
=735.505kJ
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Step-9:

Since,

Qr = Hp - Hg

= Qp =1452.880 kJ

Step-10:

— cell
Nth = 0,
735.505
1452.880
= 0.506
= 50.6 %

= Tth =

Step — 11:
Atng=2.33 x 10° gm-mole/sec
I=n.n.F
=233 x 10° x 6 x 96485
=135A
At, A=35 cm?
Ldensiy =1/ A
=135/5
=0.27 A/cm’

Step — 12:

At, ASRye = 4.737 Q- cm?
Vel = Enemst — Idensity X ASRcen
=1.270-0.27 x 4.737

=0.1V
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Annexure - C

Table C.1:
Temperature, K A ern,'l' kl) | A ern.'l' k) | A ern,]' (kJ) | A ern,’l' kl) | A ern,l" (kJ)
(P=1bar) | (P=2bar) | (P=3bar) | (P=4bar) | (P =235 bar)
308 -731.272 -730.378 -729.869 -729.497 -729.210
318 -732.213 -731.289 -730.764 -730.38 -730.083
333 -733.624 -732.657 -732.107 -731.705 -731.394
348 -735.035 -734.024 -733.45 -733.029 -732.704
353 -735.505 -734.48 -733.897 -733.471 -733.141
Table C.2:

Temperature, K

A ern,’/' (kJ)

(P =1 bar)
308 -726.248
318 -726.062
333 -725.793
348 -725.538
353 -725.455
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Table C.3:

Temperature, K | W (k) | Wae(kJ) | Waa (kJ) | Wit (KI) | Woet (KJ)

(P=1bar) | (P=2bar) | (P=3bar) | (P=4bar) | (P =215 bar)
308 731.272 730.378 729.869 729.497 729.210
318 732.213 731.289 730.764 730.38 730.083
333 733.624 732.657 732.107 731.705 731.394
348 735.035 734.024 733.45 733.029 732.704
353 735.505 734.48 733.897 733.471 733.141
Table C.4:
Temperature (K) Thermal Efficiency (M., %)

(P = 1 bar)

308 50.3
318 50.4
333 50.5
348 50.6
353 50.7
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Table C.5:

Temperature (K) Nernst Potential (Enernsts V)
(P =1 bar)

308 1.264

318 1.265

333 1.267

348 1.269

353 1.27

Table C.6:

Fuel Flow Rate (n., gm-mole/sec) Cell Current (I, A)

233x10° 1.35

2.16 x 10 1.25

1.51x10° 0.875

43x 107 0.25

2.15x 107 0.125
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Table C.7:

Cell Current (I, A) Cell Active Area, cm’ Current Density, A/ cm”
1.35 5 0.27
1.25 5 0.25
0.875 5 0.175
0.25 5 0.05
0.125 5 0.025
Table C.8:

Current Density, A/ em” Cell Voltage (V)
0.27 0.1

0.25 02

0.175 0.4

0.05 0.6

0.025 0.7
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Nomenclature

1. Notations (Engineering Thermodynamics)

ol Exact differential

B Molar enthalpy Kl kmol|

q Molar Gibbs function {or energy] Tklikmol}

3 Molar entropy [K¥knwol/ K}

E Total energy [k kmol]

H Enthalpy [klfkmol |

{ Irreversibity kFkmol ]

K& Kinetic energy Tkl kmal |

N Number of moles

Y Pressure [Pl

PL Potential energy {klkmol]

G Heat enerygy [kI¥kmol]

b Entropy TkJK]

T Absolute temperature K]

i, Constant temperahire K]

L Imernal energy tklkmol ]

¥ Yolume fmi#]

W Work energy ikl kmol]

X Esmergy (kPkmol |
Greek

& Inexact differential

um Thermal ethiciency

Miaus Second Law efficiency

A Products minos reactants

Subscripts

o2, 34 States 1, 2, 3,4
adiabatic Adiabatic fentropy)
Carnot Carnot cycle

t Formation {enthalpy, Gilshs function)
en Gienerated (entropyi
H High {remperamre}

in Input ¢heat)

L Low temperhare

net Net {work

ont OQutput {heat)

3 Proctucts

R Reactants

rey Reversible (heat, work)
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sure Surroundings {enteopy’

SYS System (entropy)
th Thermal {ethciency )
toital Tatal {entropy}
Superscript
o Standard reference state (25°C and 1 atm)
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2. Notations (Chemical Thermodynamics)

d Exact ditferential
E Valtage ditference across the electrodes, £ standard [Vi
potential
F Faraday’s constant, tharge carried by a male of
clectrans (26,485 Clmol)
G Gibbs energy [kifkmal]
H Enthalpy Tklkmol)
Kiwy Reaction quotient at equilibrinm conditions
Y Number of moles
", Number of electrical charges
P Pressure Pl
B Standard reference pressure (1 atm)
Q General reaction quotient
i Hear encrgy [k kmel |
X Molar gas constant (83145 k/mal’K)
§ Entropy tkIK]
T Absolate temperature IK]
U Internal energy {klFkmol]
¥ Volume [m?]
W Work energy Pkl ]
1 Electrochemical work, W, . miximum (klimal|
electrochemical work
Greek
& Inexact difterential
& Products minus reactants
] Partial derivative
Subscripts
I, 2 States 1, 2
¥ Constant temperatare and pressure
revs irrey Reversible and irreversible process
A, BLMLN Beactant gases
i Companent {
Superscripts
o Standard reference state {Gibls enengy)
i b, R Stoichiometric cee theients
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y_.:au

ws by

W‘T‘.v

b
i
Qx
K
Red
T
W

Greck

5
1]
m

subscripts

[}

—_

rev

3. Notations (Electrochemical Kinetics)

Gibbs energy of activation, AG; Gibbs chemical
energy of activation, 3G, Gibbs chemical enengy
of activition

Concentration, | | surface cancentration

Active area of the electrode

Electron
araday’s constant (96485 Clmal)

Planck’s constant 16,6261 % 10 |- <)

Promn
Current density
Current

Exchange current density

Flnx of reactant reaching the surface

Rate coetheient, & in derivation of the Butler-Volmer
equation, & forward rawe coefficient, k, backward rate
coefheient

Boltamann's constant

Mumber of moles

Species that is the product of an oxidation reaction

Meolar gas constant 18,3145 KlV/mol/K)

Spevies that is the product of 4 reduction reaction

Absolute temperature

Electrical work

Transfer coethoient
Potential
Oreerpotential {or polarization’

PBackward {rate coethicient, flux)
Chemical {Gibls energy )
Forward {rate coetfcient, thax)
Reversibde {potential)
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