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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 comparison 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 
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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, 
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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 between 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 the 

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 
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from —80 °C for PEFC, -400 °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 

CH4  can be used because of the inherently rapid electrode kinetics and the lesser need for 

high catalytic activity at high temperature. 

11.3 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: 

• Direct energy conversion (no combustion). 

• No moving parts in the energy converter. 

• Quiet. 
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• Demonstrated high availability of lower temperature units. 

• Fuel flexibility. 

• Demonstrated endurance/reliability of lower temperature units. 

• Good performance at off-design load operation. 

• Modular installations to match load and increase reliability. 

• Remote/unattended operation. 

• Size flexibility. 

• Rapid load following capability. 

General negative features of fuel cells include: 

• Market entry cost high; Nth cost goals not demonstrated. 

• Unfamiliar technology to the power industry. 

• 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 
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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. 
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Chapter Two 

Literature Review 

READ 
	

AT INF AIM 
	

ACil AT THE CATHODE 

CH,OH + H2O -4,  CO + 6W + 6e- 	1.502, + 	3H20 

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 
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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 H2/02 systems, amounting to traditionally no more than one 

quarter of the power densities, currently achieved with H2 proton exchange membrane 

fuel cells (PEMFCs). The major limitation of the DMFC is the reduced performance of 

the anode, where more efficient methanol 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 liquid 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 

performance2 3.  

Much work has been focused on the anodic oxidation of methanol.2  The mechanism of 

the electro catalytic oxidation of methanol at the anode was postulated.3'4  Different anode 

catalyst structures of Pt-Ru were developed,5  and several anode catalysts other than Pt-Ru 

were explored." Additionally, the effects of the anode electrochemical reaction on cell 

performance were experimentally studied." I  
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Methanol crossover in DMFC has been extensively studied both experimentally and 

theoretically. Narayanan et al.12  and Ren et al.1  3  measured the methanol crossover flux 

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.14  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.15  

compared the methanol transport in two types of membranes. Valdez and Narayanan16  

studied the temperature effects on methanol crossover and showed that the methanol 

crossover rate increases with cell temperature. Hikita et al.17  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 l I  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. 1 8  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 CO2 

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 Skou19  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 to surface 

poisoning. 

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

by many groups, e.g., Halpert et al.2°  of Jet Propulsion Laboratory (JPL) and Giner, Inc., 
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Baldauf and Preide121  of Siemens, Ren et a/. 22  of Los Alamos National Laboratory 

(LANL), and Mench et al. ,23'24  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.25, 26 

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 et al.27  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 Savinell28  discussed the effects of the anode catalyst layer 

structure on cell performance. Kulikovsky et a/.29  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, Kulikovsky3°  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 
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methanol crossover was ignored. Dohle et a/.3I  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 et C11. 32-35  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 CO2 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. 

CH3OH + H2O -4 CO2 + 6H+  + 6e- 
	

(E°anode = 0.046 V anode reaction) 	..(2.1) 
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CATHODE: ANODE; 

Methanol,  
+ Wato 

Carbon 
dioxide Water 

Anode 
Diffusion 
Media 

Cathtxte Diffusion 
Media 

3 
02 + 6H+  + 6C —> 3 H2O (E°cathode  =1.23 V cathode reaction)..... (2.2) 

2 

CF13014 + —3 
02 + H2O —> CO2  + 3 H2O 	ecell . 1 8 V cell voltage) 	 (2.3) 

2 

An ode Cathode Catalyst 
Catalyst LayerAcidi 	 yer c 

Electrolyte 

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, W„,„x, cell,  is equal to the change in the Gibbs function 

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

Wmax, cell = -A G 
	

(2.4) 
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(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 W„11 in Eq. 

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

a potential difference, E is: 

Wceii = neFE 	 (2.5) 

In Eq. (2.5), ne  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 

is 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; E = 0), stationary system: 

dG = 5Q - SW + PdV + VdP — TdS — SdT 	 (2.7) 
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2.3.1 Criterion for a Spontaneous Reaction 

The Gibb's energy is a function of temperature and pressure, and the effects of T and P 

on AG are shown in the following derivation based on Eq. (3.56). For a reversible 

process, 8Q and TdS in Eq. (2.7) cancel because of the Second Law relationship. If the 

system is restricted to doing only expansion work, then 8W and Pd V cancel: 

dG = 8Q - 8W + PdV — TdS 

If the system is restricted to doing only expansion-type work, SW cancels with Pd V to 

give Eq. (2.8). 

dG = 8Q TdS 	 (2.8) 

The Second Law of following equation: 

( 

dS — 
T 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). 

T 
dS 

( 8 Q\   irev,irrev 
(2.9) 

8Q - 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 (T,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)T, p 5 0 	 (2. 1 0) 

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 T and P on 

AG are shown in the following derivation based on Eq. (2.7). For a reversible process, 60 

and TdS in Eq. (2.7) cancel because of the Second Law relationship. If the system is 

restricted to doing only expansion work, then 6W and Pd V 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, n 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 = nRT cAts  
P 

and the differential is integrated. 

dP 
f dG = nRT — 

P 

The Gibbs energy change for a change in pressure at constant temperature is 

15 



G2 — Gi = nRTln 

G2 = G°  nRTln (2.12) 

Eq. (3.61) can be rewritten in a molar quantity (lowercase) (k.1/mol) and denoted by the 

overhead bar, —: 
r 

 r2 g2  = g°  nRTlnn 
0 

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). 

(T, P1 ) = g1°  + nRTln (2.13) 

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+b1134-+mM+nN 

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

and reactants. 

AG = m gm  + n g, - ag A  -bg,3  

Eq. (2.13) is substituted for each of the four terms. 

16 
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- 	 PN  AG = m [ gm 0 	

pw 	0 + nRTln 	 ] + n [ g N  + nRTln 	] a [ g A°  + nRT1n 

	

Po ) 	 P ,,, 0  
ipi  

B 

	

- h [ g-8 0  +  nRTln 	] i  
\ PO / 

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

energy, AG°. 

AG°  = m g °A4 n g 	- ago A - b g o B 

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

to 

 

( 
PM PNI 

 

AG2  = AG°  + RTin 

 

   

 

Ph  P a 
 B 

 

Substituting Q as the general reaction quotient for the pressures, 

Q 

 

Pnt: 131■; 

  

 

PAa  Pb  B 

   

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

involving gases. 

AG = AG°  + RT1nQ 	 (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). 

We = neFE 	 (2.15) 
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where We  is the electrochemical work, ne  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 = - neFE 
	

(2.16) 

The same substitution is applied to the standard Gibbs energy to define the standard 

potential, E°, in Eq. (2.17). 

AG°  = - neFE° 	 (2.17) 

Substituting the values of AG and AG°  in Eq. (2.14) gives, 

- neFE = - neFE°  + RT1nQ 

E = E 
RT 

 lnQ 
n e  F 

(2.18) 

E = E
° 2.303 RT  log Q 

neF 

 

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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FIGURE 2.4 Reaction scheme and principle of the direct methanol fuel cell. 
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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 

th.e 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 voltmeter across the cell set to an extremely high resistance. 

The thermodynamic favoring of reacting the methanol and 02  into carbon dioxide and 

water forces a difference in energy to build across the membrane until the system 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 DMI'C, is the same as that for the direct combustion 

of methanol, 

i.e; CH3OH 3/2 02 CO? ± 2H20 
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FIGURE 2.6 schematic of the operating principles of DMFC 

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 electroch.emically oxidized at th.e 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 (CO2). Unlike other fuel cell 

technologies, DMFC (Direct Methanol Fuel Cell) technology produces no carbon 

monoxide or other particulates such as oxides of nitrogen (NOx), oxides of sulfur (SOx) 

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. 

22 



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 

(DMFC): 

Eliminates the fuel vaporizer or "reformer" 

Eliminates high pressures and temperatures. DMFC operate effectively at room 

temperature and pressures less than 20 psi. 

Eliminates 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 an.d 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-pl.ates 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 fuel 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, W Net, -density, Veen, ith 

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. 

■ It considers stationary fuel cells. 

• The fuel is CH3OH i.e. 3% Methanol/Water; and the oxidant is 02. 

■ 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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• Degree of conversion is assumed to be 99% 

• Physical geometry is assumed to be rectangular. 

• Cell active area is assumed to be 5 cm2  

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 <—* 	+ nN 

In our case: 

CH3OH (aq.) + —3 02  (g) + H2O  (g) ->  CO2 (g) + 3 H2O (1) 
2 

CH3OH (aq.) + —3 
02 (g) —> CO2  (g) + 2 H2O (I) 

2 

Comparing the two gives, 

a= 1, b = 3/2, m = 1 and n = 2. 

Step — 2: 

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

Anode: CH3OH + H2O —> CO2  + 6Ir + 6e- 

Cathode: —
3 

02 + 6H+  + 6e-  --> 3 H2O 
2 

Thus, number of e-  = ne  = 6 (in our case) 

Step - 3: 

Establish the operating temperature, T, and partial pressures, pco, 5  p - 11 20,. cH,cm ,P02 ,  of 

the reaction components. 
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Our reaction is: 

 

CH3OH + —
3 

02 
2 CO2 + 2 H2O 

Feed Exit 

Having, partial pressure = Total pressure x Mole fraction 

The partial pressures of the reaction components are calculated as: 

Reaction 

Component 

No. of moles in Feed No. of moles at exit Mole fraction at exit 

CO2 0 c 6/0.5 (c +5) 

H2O 0 2e 2 c/0.5 (c +5) 

CH3OH 1 1 — c (I - E) /0.5 (c +5) 

02 3/2 3/2 (1 — c) 3/2 (1+ c) /0.5 (c +5) 

where, c is 'degree of conversion' 

Thus, 

Pco, = P. 

 

0.5(c + 5) 

0, 	2s  
112o 

PC.1130H 
(1—  6 )e  — P. 	, and 

0.5(c + 5) 

—
3 

(1 — 
POD P.  2  

0.5(c + 5) 

where, P = Total pressure. 

Step — 4: 

Establish the equilibrium constant `K' at operating temperature (the) and pressure (P). 
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K = 

where, 

Ky  = equilibrium constant of mole fractions 

= equilibrium constant of fugacity coefficients 

P = Total pressure 

D = degree of freedom of reaction 

In case of liquid-feed DMFC, 

[P CO2MP H20 
]2 

Ky 	 33 
[PCH 3 OH [PO2  

Thus, 

2 
[PrO lx  P 01  K — 	2 	K 1)(u i )  r  

[PCH 3 OH 11.P02 .1 2  

Step —5: 

a.) Calculate the Gibbs free energy at standard temperature and pressure 

(T = 25 °C / 298 K; P= 1 atm) 

A G (3rn,298 = A Gr(jxn 298 [products] - A Grxn,298 [reactants] 

For a DMFC, 

A Grax„,298  = {A Gr°_rn  298  [CO2] + 2 A GL,298  [H20]} 	A Gr°xtr,298 [CH3OH] + 

 
2  A G .x

0  
n ,298 [02] 

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

AG/4°_, 
,7,298 + RT/n[K] 



[Pco2  lx[PH,0
1 

3 K 	 K P(1)1)  
[PCH,OH 1141302  

(For DMFC) 

Thus, 

A Grxn,7 ,  = A Gr°„,298  + RT/n[ [Pc°2  Tx[17112° 	K 	)] 
r 	- 

[PcH,0H lxv,02  12  

Step — 6: 

a.) Calculate of change in Enthalpy at standard temperature and pressure 

A H °  rrn298 = A Hr°xn298  [products] - A fir°,298  [reactants] 

For a DMFC, 

A ? .11,xn,298 
0 

= 	110x,,,2980vri,2,8 [CO2] + 2 A H mi,298 [H20]} - {A 11,°,,,,.298  [CH3OH] + 

Tr o 
2  A n „n,298 

b.) Calculate the change in Enthalpy at specific temperature (T). 

A H rx„,7 A  HIC)-xn,298 R [AA (T-298) + AB (T2 2982) + A3C (T3-2983) 

AD 	1 
( 

1 ) A E 	4 84)1 — (T -29 
T 298 4 

where, 

AA = A [products] — A [reactants] 

For a DMFC, 

AA = [Aco,  + 2 141,20  j} — tAcui0H  + 1,40,  

Similarly, values of AB, AC, AD, AE would be established. 



Step — 7: 

a.) Establish the standard fuel cell EMF 

A Gr%,298  -neFE°  

AG°  
E — 	 an,298 

ne F 

where, 

F = Faraday's constant 

b.) Establish the Nernst potential at a specific temperature (T) and pressure (P = 1 atm) 

ENernst 	
2.303 RT  

log Q  neF 

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

[Pco, Hp ft 20 12  
Q r 	 (for DMFC) 

[Pctt ionHP02 12  

Step 8: 

Establish the maximum work output of the fuel cell. 

For a fuel cell, in electrical terms, the work done by electrons with the charge neF moving 

through a potential difference, E is: 

Wcell = neFE 

Also, AGrvn = -n,FE 

Thus, 

Wcell = - A Grx,,,, 

Step — 9: 

Establish the fuel cell heat output 

Qp = A Hr°xn,298 
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where, 

A H r°.rn298 ----- HP - HR, is the change in enthalpy of formation 

Step —10: 

Establish the fuel cell thermal efficiency. 

Wcell 
filth 

Step 11: 

Establish the cell current and current density. 

I ---- ncneF 

where, 

tic  = fuel rate in gm-moles / sec 

Idenstly = I / A 

where, A is the available area in cm2  

Step-12: 

Establish the cell voltage. 

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

well ENernst 'density X ASRceii 

Where 'density is the current density of the electrochemical reaction, and ASRceti 

Area Specific Resistance of the cell i.e. the resistance seen by the current density. 

is the 

QP 
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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: 

PC )2P.  0.5(c + 5) 

PH 20 
=

P. 0.5(c + 5) 

PCH 3OH 
(1— c)c = P. 	, and 

0.5(c + 5) 

3(1-6) 

_ 
P.  2  

0.5(6 + 5) 

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

conversion, a = 99% 

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

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

[Pco MPH,012  K 	2 	 Kuj)(1) I  ) -r 
[PCH 3OH 1X[P02  

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

Kg, = I 

Thus, 

K —  [Pc0, lx[PH2012  
1_3 

[PcH 30H. MPG, _12  

2e 
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Inlet Data Calculation of A H°  an,298 

Assumed variables: 
a, ne, A, ASR 

V  
Calculation of 
partial pressure 

of reaction 
components 

V  
Calculation of 

K 

• 	 
V 

Calculation of 

• 
Calculation A G°  rxn,298 

Calculation of W„11 

•	 

Calculation of rIth 

V 

Calculation of A I I ,„n,7  

Calculation of E°  

• 
Calculation of ENenist 

Calculation of I 

• 
Calculation of 'density 

Calculation of Veen 

Results 
	4- 

4 	 

FIGURE 4.1 Algorithm for solution of model 
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Also, the value of A Gr% 298  is calculated from the inlet data. 

Having calculated the values of K and A GrCjrn,298  , A Gr„,, is calculated subsequently, using 

A G„,,,7 = Gr°.rn,298 RT/n[K] 

Having known A G rr„ here will also establish the values of Wed!, as 

Wcell 	A G rx  „ 

Next to this, A lir°xn,298  and A H„n,1. solved and the solution involves the data from the 

standard thermodynamic property tables. 

A Hr°xn,298 — {A  Hr°xn,298 [CO2] + 2A H,°„,298  [H2O]} - {A Hr().„,298  [CH3OH] + 

—3  A H °  298 [02] } 

Also, 

QP = A Hr°xn,298 

Thus, Qp is also obtained with the calculation of A Hr°xn,298  

AB  A H rxn,T  A 	 B (T22982  + R [AA (T-298) + 	(T2-2982) + AC
(T 2983)n,298 

_ AD ( 1 	1  ) AE  (T4-
2984)] 

1 T 298 4 

Having calculated the value of A Gr% 298  in the previous step, gives E°  as: 

O 
E°  — 

AG 2,8 
n1F 

where F = Faraday's constant = = 96485 C / (mole e") 

Specifically, at P = 1 atm 
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Q = K —  [Pco, lx[PH20]
2  

[PcH 30H 141302 1 

Having known E°  and Q, ENernst is calculated as: 

ENernst = E° 2.303 RT log Q 
neF 	l  

Also, having the known the values of Wed' and Qp 

lith 
Wee'  

Q1' 

Further to this, current and current density are established. 

n, is assumed over a range 

For a DMFC, 

ne = 6 

Thus, 

I = 578910ne 

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 cm2  

Thus, 

'density = I / A 

= 121571.1n, 

Having known ENernst and 'density,  finally the cell voltage is calculated as 
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\Ica ENernst — 'density X ASRcell 

Veen = ENernst— 121571.1n, x ASRcert 

The model is optimized with ASR„Ii assumption as: 

ASR„, = 4.737 0 -cm2  

This gives, 

Vceil — ENernst — 575882.3 n, 

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

representation, analysis and subsequent validation 
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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 0C — 90 0C 

Pressure 1 — 5 atmosphere 

Degree of conversion, c 99% 

Fuel Flow Rate, ne  2.15 x 10-/  — 2.33 x 10-6  gm-mole/sec 

Cell Active Area 5 cm2 

Area Specific Resistance 4.737 0 - cm2  

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: 



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 Model Validation 

Current Density, 
A/cm2  

Cell Voltage - 
Proposed Model 

Cell Voltage — 
Reference Model 

Variation, '5/0 

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°/0 

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. 

5.2 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. 

2. 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. 

3. 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. 

4. 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%. 

5. 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. 

2. 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. 

3. 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 A Gr°,„.298  (kJ/mole) 

CH3OH Methanol L -166.34 

CO2 Carbon dioxide G -394.36 

H2O Water L -237.14 

02 Oxygen G 0 (as free element in nature) 

Table A.2: 

Formula Name Phase 
rrn, 298 (kJ/mole) 

CH3OH Methanol L -238.73 

CO2 Carbon dioxide G -393.51 

H2O Water L -285.83 

02 Oxygen 0 0 (as free element in nature) 

Table A.3: 

Formula Name A B x 10-3  C x 10.6  D x 10-5  E x 109  

CI-130H Methanol 2.211 12.216 -3.45 

CO2  Carbon dioxide 5.457 1.045 -1.157 

H2O Water 3.470 1.45 0.121 

02 Oxygen 3.639 0.506 -0.227 
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Annexure - B 

Sample Calculations: 

Case —1 (T = 80 °C, P =1 atm) 

Step-1 & 2: 

Cell equation: 
Anode: CH3OH + H2O --> CO2 + 61-e-  + 6e- 

Cathode: —
3 

02  + 6H+  + 6e-  --> 3 H2O 
2 

CH3OH (aq.) + —3 02  (g) --> CO2  (g) + 2 H2O (1) 
2 

Here, ne  = 6 

Step-3 & 4: 

At, T = 80 °C, P= 1 atm & = 0.99 (assumed) 

Pco2  P. 

 

0.5(c + 5) 

PH20 — P. 0.5(e + 5) 

PcH 2OH 
(1— E)e 

— P. 	, and 
0.5(c + 5) 

—
3 

(1— E) 
Po, = P. 2 	 0.5(e + 5) 

K — 
[Pc-02 H 20 

• 
K 13(1) i ) r  73 (I)  

[PcHoi-i1X1P02   Jz 

At, P = 1 atm, Kq  = 1 

Substituting the values, we get 

K = 1.22 x 10-5  
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Step-5: 

A G,?,„,2,8 = {A 	1,298 [CO2] + 2  A G(r)-xn,298  [H2O}} { A Gr?xn,298 [CH301-1] + 	A G,?v,,,298 [02]1 

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

Table A.1 

O  A G  rxn , 298 = {(-394.36) + 2 (-237.14)1 - {(-166.34) + (0)) 
2 

= - 702.3 kJ 

AGrrn,r= A Gr°,2,8  + RT/n[K] 

= -702300 + 8.314 x 353 x /n(1.22 x 10-5) 

= -735.505 kJ 

Step-6: 

A H,?„,298 = {A H fr?xn,298 [CO2] + 2  A H,°,,,,298 [H2O]}- A Hr5x-n,298 [CH3OH] + 

-3- A H
rx"' 
° 

2 	
298 [02]1 

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

A Hr°„,2,8  = {(-393.51)+ 2 (-285.83)1 - {(-238.73) + 
2 
 (0)1 

= -726.44 kJ 

AHom  = A Hr'xn,298  R [AA (T-298) + --AT (T2-2982) + 
A
3(T3-2983) 

AD 1 1 AE 	 4 
) L-298 ')] — 

1 T 298 4 

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

AA = {5.457 + 2 x 3.470} - {2.211 + 2 —
3 

x 3.639} 

= 4.7275 

- 
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Similarly, AB = -9.03 x 10-3  

AC = 3.45 x 10-6  

AD = -0.688 x 105  

AE = 0 

-3  A / „nj = -726440 + 8.314 [4.7275 (353-298) + - 9.03 x10  (3532
-2982) + 

2 

3.45x10-6 
 (3533-2983) 0.688 x105 	1 	1 	0 

44  
3 	 1 	( 353 298 	

4  (353 -298 )] 
 

Thus, 

Aiirx„ 	- 725.455 kJ 

Step-7: 

0  AG°  
E _ 	rrn,298 

n.F 
— 702300 
6x96485 

= 1.213 V 

2.303 RT 
ENernst 

	

,og Q  neF log 

Where, Q = KP=1 atm 

Thus, Q = 1.22 x 10-5  

Therefore, 

ENernst 1.213 
2.303 x8.314x353  log (1.22 x 10-5) 

6x96485 

= 1.270 V 

Step-8: 
Since, 
Wcell = - A Grxio  

W„it  = - (-735.505 kJ) 

= 735.505 kJ 
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Step-9: 

Since, 

QP =HP - HR  

QP  = 1452.880 kJ 

Step-10: 

Tl th 
Weell 

 

QI ) 

735.505 
1452.880 

= 0.506 

= 50.6 % 

Step — 11: 
At ne  = 2.33 x 10-6  gm-mole/sec 
I = ncneF 

= 2.33 x 10-6  x 6 x 96485 

= 1.35 A 

At, A = 5 cm2  

'density 	/ A 

= 1.35 / 5 

= 0.27 A/cm2  

Step — 12: 

At, ASRcell = 4.737 SZ - cm2  

Vccii = ENernst —  'density x ASRca 
= 1.270 — 0.27 x 4.737 
= 0.1 V 
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Annexure - C 

Table C.1: 

Temperature, K A Grx,,, (kJ) 

(P — I bar) 

A G rx„.f  (kJ) 

(P = 2 bar) 

A G ,,,, (kJ) 

(P = 3 bar) 

A G r.,,, 3 (kJ) 

(P = 4 bar) 

A G ru 0. (kJ) 

(P = 5 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 H rxr 7 ,7  (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 Wnet (kJ) 

(P = 1 bar) 

Wnet (kJ) 

(P = 2 bar) 

Wnet (kJ) 

(P = 3 bar) 

Wnet  (kJ) 

(P = 4 bar) 

Wnet  (kJ) 

(P = 5 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 (nth., %) 

(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 (ENernst,  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) 

2.33 x 10-6  1.35 

2.16 x 10-6  1.25 

1.51 x 10-6  0.875 

4.3 x 10-7  0.25 

2.15 x 104  0.125 
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Table C.7: 

Cell Current (I, A) Cell Active Area, cm2  Current Density, A/ cm2 

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/ cm2  Cell Voltage (V)  

0.27 0.1  

0.25 0.2  

0.175 0.4  

0.05 0.6  

0.025 0.7  
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Nomenclature 

1. Notations (Engineering Thermodynamics) 

Ir 

PE 

S 

1. 
X 

C reek 

_Exact different 
Molar e nthalpy 	 fkVtcmoll 
Molar Gibbs .function (ore nervy') 	 fklik mol 
Molar e ntropy 	 Fklik.n.iall 
Total. energy 	 1;klik 
En th airy 	 kJ& [no( 1 
Irreversibity 	 I klik viral j 
Kinetic enerr...4y 	 mol 
Number o f moles 
Pressure. 	 E.Pal 
Potential energy 
Heat energy 	 fklik 
Entropy 	 rkY KI 
Absolute .temperature 	 KJ 
Co us-tan t temperature 	 I K1 
Internal energy 	 klik.mol 

I•utme 	 1 rir" 
'ti' Ork erica gy 	 I kjik mol 
Exergy 	 [ mol 

Inexact d ifferential 
Therm a I efficie vicar 
Second Law etii dello/ 

A 
	

Products minus reactants 

SubsC ripts 

t„ 2, 3.,4 
adiabatic 
Carnot 

gen 

in 
L 
net. 
out 

Ct 
rev  

Stato: I, 2, 3, 4 
Ad lab at ic (e nt ror),1 
Carnot cw.le 
Formation enthalpy,  Gibbs function ) 
Generated C4 nt Wry 
High (try mpe ra titre) 
Input (heat) 
Low temperature 
Net ',work) 
Output (heat) 
Products 
Reactants 
Reversible ( heat, wt,  rk) 
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strirt 	 Sttrroundings (entropy) 
sys 	 System (entropy) 
tlt 	 The:m.74d (c...Ificiency) 
total 	 Total (entrrypy) 

Superscript 

Standard reference state (25°C- and I attu) 



2. Notations (Chemical Thermodynamics) 
d 	 Exact different 

Voltage difference across the electrodes, 	standard 
	

[V I  
potential 

hiraday's constant, di rr6V carried by a mole of 
electrons (96,485 Child) 

5. 	 Gibbs e nmy 
En th 1py 	 lk Ilk mol 
Reaction (patient at equilibrium conditions 
Number of moles 
Number of electrical charges 
Pressure 	 [Pal 

P' 	 Standard reference pressum 1 atm) 
General reaction quotient 
Heat ens ri.jy 	 Ilk moll 
Molar is CO nsto nt (8.3 45 ki o IIK) 
Entropy 	 ikliK1 
A b Li te temperature 	 1K1 
Inte Ind energy 	 kl/knot  

V 	 Whittle 
Work crier 	 1k: likmoll 

11/, 	 Elect rcx:h em ica work, 	maximum 	 [k:lintol 
electrochemical work 

Greek 

Inexact differential 
Products minus unictants 
Partial deriva ti 

hs cript 

l„ 2 
T,P 
rey, irrev 
A. 	N 

States L 2 
Constant tempemture and pu.-ssure 
Reversible and ir reversibl e Frx Cie 9,5 

Relict j n t gasca 
Component I 

Supers' ..r.ipts 

Standard reference state (Gibbs energy) 
Stoichiom eft ic cite fficients 
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3. Notations (Electrochemical Kinetics) 

Gibbs enerp' of activation, A (7--: Gibbs chemical 	[Vmol] 

energy of activation, A.G1'd., Gibbs chemical energy 
of activation 

1.1 
	

Concentration, [ surface concentration 	[Molarity or 1 molicm 
A 
	

ktive area of the electrode 	 [cm' 
c- 
	

Electron. 

F 
	

Faradays constant (96A85 mot) 
k 
	

Planck's constant 16.6261 x 10-7-1  I • s) 

Proton 

Current density 	 livirm' 
Current 

cExchatir,  • current de nsit 
	

[ 	m 
Flux of reactant reaching the surface 

	
(molisec, 

.14a.te ccefficient, in derivation of the Butler—WI mer 	is 
equation, kforward rifle coefficient, k, backward rate 
coefficient 

E, 	 Boltzmanns constant 
Number of moles 

Spoz.ies that is the product of an oxidation reaction 

Molar as constant (.8.3145 klituoliK) 
lid 	 Species that is the product of a. reduction reaction 

T. 	 Absolute to 	 [K1 
14,1, 	 Flcct.rica.l work 	 [kJ 

Creek 

Transfer o e fficient 
Potent it l 

rp ot en ti al (o r po la rim tio n ) 

Substripts. 

la 	 Backward (rate coefficient, flux 
c 	 Chemical (Gibbs enensp.) 

Forward (rate cmfficient, flux) 

rev 	 Reversible (potential) 

iVI or riCIS 
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