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Introduction 
uel cells are in the spotlight. However, they are anything but 
new. They are older than the internal coinbustion engine, F invented by Nikolaus August Otto in 1876, and the com- 

pressionhgnition engine, invented by Rudolf Diesel in 1892. The 
fuel cell or “gas battery” was invented in the 1840s by Sir William 
Robert Grove, but the discovery of the “fuel cell effect” by profes- 
sor Christian Friedrich Schoenbein dates back to 1838. 

Several factors, such as the success of the internal combustion 
engine and associated petrol industry, had contributed to its slow 
development until a resurgence of interest during the Gemini space 
program in the 1960s due to its multiple inherent advantages, such 
as reactant commonality with rocket engine fuel and oxidant. Since 
that time. developments in the field have been relatively rapid and 
continuous, although often erratic. The reasons behind the renewed 
interest are well documented (Kordesch and Simader, 1996; 
Hirschenhofer et al., 1998), which include these advantages over 
conventional power sources: high energy efficiency, high energy 
and power density, environmental friendliness (low pollutant emis- 
sions and absence of radiation), low noise, rapid refueling. and fuel 
flexibility. For special applications, such as aerospace, additional 
advantages are present: e.g., heat production and potable water 
generation. In this article, the state of the art of fuel cells, as well 
as manufacturing and research challenges, will be reviewed. 

Status of fuel cells 
A fuel cell is an electrochemical energy conversion device. 

which is similar to, but different from, a battery. Whereas a battery 
stores the energy in the chemicals contained in it, a fuel cell acts as 
a converter-the reactants and products merely being in transit in 
the unit (battery electrodes are consumed, while fuel cell electrodes 
are not). A typical fuel cell with a hydrogen fuel and air as an oxi- 
dant is illustrated in Figure 1 .  At the anode, a fuel (H2, CH,, or 
CH,OH) is oxidized. whereas, at the cathode, an oxidant (02 in air, 
O,, CO,) is reduced. In this spontaneous process, electrons gener- 
ated at one electrode and consumed at the other circulate in an 
external circuit which can drive, for example. an electric motor. 

A number of different subsystems are needed to allow the fuel 
cell to properly function. These additional system components 
include: oxidant and fuel delivery sub-systems; a cooling subsys- 
tem to manage the heat generated; a control subsystem to ensure 
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harmonious interactions among all these fuel cell system conipo- 
nents; and B power conditioning sub-system such as a dc-to-dc or 
dc-to-ac converter. In addition. proper design of these subsystems. 
as well as the fuel cell stack, is required to ensure overall maxi- 
mum efficiency and reliability. For example, the use of diluted 
reactants and/or the formation of a product affects m 
a significant manner, which requires careful engineering consider- 
ation. Similarly. the presence of a distributed current in the fuel cell 
reactor is a major consideration, as the local current density can 
significantly affect inaterial properties and degradation, and per- 
formance and reliability, if areas of high current density are present 
(hot spots), or the current density distribution is not uniform (effi- 
ciency loss). Fuel cell reliability is also affected by the presence of 
contaminants (St-Pierre et al.. 2000a) in the reactant streams which 
may be present at its source, are created within the fuel cell system 
(e.g., in the fuel reformer), or are transported from component 
materials by the action of the reactant streams on the fuel cell 
stack. Knowledge of all these aspects (and more) is required before 
optimization and final design can be attempted. 

The fuel cell system design also depends largely on the fuel cell 
type. Fuel cells are classified commonly by the electrolyte being 
used (alkaline, polymer, phosphoric acid, molten carbonate, and 
solid oxide) or by their operating temperatures (- 80°C for alkaline 
and polymer; - 200°C for phosphoric: - 600-650°C for molten 
carbonate; and - 800-1 ,000”C for solid oxide). Biological fuel 
cells, which are comparatively still in their infancy, will not be dis- 
cussed here (Palmore and Kim, 1999). For high-temperature fuel 
cells (molten carbonate and solid oxide). mass-transfer considera- 
tions may be ignored due to higher reactant and product diffusivi- 
ties. In addition, the elevated temperatures allow a combination of 
the reformer with the fuel cell stack (the anode catalyst and/or elec- 
trolyte combine reforming and electrocatalyst functions). 

Such design features are beneficial since they can reduce fuel- 
cell system’s complexity and increase reliability. However, dynam- 
ic operation issues including startup are more pronounced for such 
fuel cells, and, as a consequence, they are generally considered 
essential for stationary, continuous power applications ( z  100 
MW). Similar dynamic operation. as well as other considerations. 
have dictated the use of phosphoric acid fuel cells for small sta- 
tionary applications (< 10 MW), alkaline fuel cells for aerospace 
applications (CO, contaminant in the reactant streams cannot be 
tolerated by the electrolyte), and polymer electrolyte fuel cells for 
micro, portable, motive and small stationary applications. 

Current fuel-cell syutenis can achieve efficiencies from 40 to 
60%, and even up to 80%, if high-grade heat is reused. These val- 
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ues compare favorably to the 520% achieved by internal combus- 
tion engines or to the 50% achievable by gas turbines. With respect 
to energy density, fuel-cell stack values up to 3 kWll have been 
either demonstrated or claimed. Fuel cells also emit significantly 
less pollutunf3. This is the result of a number of factors including 
high energy efficiency (need less fuel to achieve the same amount 

of work), low operating temperature (generation of NOx is only 
favored at high temperatures), and the possibility of using fuels 
such as renewable hydrogen and methanol. Of course, any pollu- 
tion claim needs to be examined in a global and life cycle context 
since, for example, the impact of the fuel generation and fuel-cell 
component production technologies on the environment could be 

Polymer Electrolyte and Phosphoric Acid Fuel Cells 

Figure ¶(a) Generic fuel cell (polymer electrolyte or phosphoric acid); (b) typical fuel cell stack with oxidant and fuel reac- 
tant flowing through internal manifolds and flow field plates. 
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an issue. Since fuel cells do not have moving parts, noise levels 
achieved by systems are low with the majority of noise coming 
from such subsystems as an air compressor. Refueling for fuel 
cells, although requiring upgrades to existing gas stations to adapt 
to different fuels, does not require significantly more time than 
with gasoline or diesel. Finally. many fuels can be used to power 
fuel cells. In addition to those already listed, propane, butane, and 
hydrogen stored in metal or other hydrides such as liquid NaBH, 
represent other alternatives (NaBH, + 2 H,O + 4 H, + NaBOJ, 
(Amendola et al., 2000). 

Future engineering challenges and prospects 
There has been an increased interest in fuel cells for a number of 

different applications (micro, portable, stationary, motive. marine, 
and aerospace) with a rapid rise 
in markets. For example, annu- 
al growth rate of 30% has been 
predicted for stationary appli- 
cations with sales expected to 
reach $1.4 billion by 2003 
(Weidner and Doyle, 2000). 
Several hundred companies 
around the globe are involved 
in the field. Since the technical 
feasibility of fuel cells has been 
to a large extent successfully 
demonstrated, the industry is 
currently engaged in field trials, 
lowering costs, and determin- 
ing manufacturing strategies 
and processes for these fuel- 
cell systems. Manufacturing 
challenges include maintaining 
fuel-cell performance, intro- 
ducing low-cost materials, 
implementing high-volume 
methods with high yields, sim- 
plifying fuel-cell design (reduc- 
tion in part number), and estab- 

to chemical engineers. A similar situation exists for heat transfer by 
considering the advances i n  power density, which resulted in an 
increase in heat rejection from approximately 0.35 to 3.4 W/cm-. 

System Design. The selection or design of a fuel-cell system 
depends to a large extent on the application. For example, for 
portable applications, it is preferable to eliminate the air compressor 
and use a fan to simplify the system. Such a selection further impacts 
system design since the operating pressure is low in this case (< 1.3 
bard). Another example relates to fuel cells operating with a refor- 
mate fuel. Typically, such a system would require a fuel reformer and 
a number of unit operations to remove contaminants that can affect 
downstream steps. For the reforming step. thermal decomposition. 
steam reforming. partial oxidation, and autothermal reforming tech- 
nologies are available. For the cleanup steps. water/gas shift reactors, 
selective oxidation. membrane separation, and pressure swing 
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Figure 2. Number of Ballard polymer electrolyte fuel-cell 
stacks required to provide 50 kW with increasing 
power density. 
Moving clockwise from the upper left corner, Mk3oo 
(199d9 Mk5oo (19931, Mk7oo (1995), Mk8oo (1997). 

lishing supplier relationships (economy of scale). Technical 
advances and breakthroughs are still required to help further 
increase reliability and address fundamental issues at the same 
time, e.g., by simplifying the fuel cell system (component elimina- 
tion), reducing heat rejection at high current densities, improving 
reactant flow distribution within stacks, designing stacks less prone 
to failure (by decreasing the number of cell in series). or by inte- 
grating new technologies from other fields of science that would 
lead to net overall system benefits. 

This is especially true for motive applications since requirements 
are the most stringent (lowest size and cost). The challcngcs are best 
illustrated by considering recent advances (Figure 2). For example, 
the water vapor space velocity for olymer electrolyte fuel cells has 
increased from 1.6 to 15.7 cm3/cm s between 1991 and 1998. This 
is a large value for these systems considering that approximately 1/3 
of the volume is associated with each component, the anode, cath- 
ode and coolant flow fields, and that part of the volume is required 
to provide structural support, as well as separating the different 
streams. Therefore, the usable amount of space available to circu- 
late the streams is relatively small and creates significant challenges 

adsorption technologies could 
be used. For-low temperature 
fuel cells, Pt group metals are 
currently used for the anode 
electrocatalyst. As a conse- 
quence, the CO level in the 
refonnate has to be very small 
(e.g.. < 10 ppm) to minimize the 
performance drop associated 
with CO adsorption. This is not a 
critical consideration for higher- 
temperature fuel cells, such as 
phosphoric acid, some of which 
can refonn fuels directly inside 
the stack (Park et al., 1999). 

Many fuel cell systems have 
been proposed and some 
demonstrated. but the best com- 
bination of system components 
has not yet emerged due in part 
to the uncertainties related to 
fuel distribution ( e g ,  the 
methanol and hydrogen infra- 
structure is not well defined). 
availability of fuel cell purpose 

built components (compressors, valves. compact reformers, etc). and 
absence of suitable models and data for optimization. However, 
some trends can still be identified with a relative degree of certainty 
such as the need for system simplication, and increased power den- 
sity and reliability. New components such as highly efficient and 
compact pressure swing adsorption devices have recently been 
developed (e.g., up to 2,500 I 02/1 adsorbent h) (Keefer et al., 2000), 
which offer the possibility of increasing fuel-cell performance by 
increasing inlet O2 concentration and minimizing mass-transfer loss- 
es, as well as considerably simplifying the fuel reforming process. 

Renctor Design. The selection of a reactor design for a fuel cell 
stacldsystem is similarly constrained by the application envisaged. 
Many reactor types have already been studied such as the plug- 
flow reactor. the batch reactor, the continuous stirred-tank reactor, 
and their modifications. The plug-flow reactor is the most popular 
configuration (spent air and reformate are fed to a catalytic burner 
after passing through the stack to provide heat to the reformer and 
minimize emissions). The plug-flow reactor with recycle is useful 
particularly for pure reactants (02, H2), which are more costly to 
synthesize than readily available reactants such as air or 
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methanol/water fuel solutions from which product CO, is easy to 
separate. The plug-flow reactor with distributed feed was also sug- 
gested as a method to help minimize the CO formation in a refor- 
mate fuel stream by the reverse water gas shift reaction (CO + H,O 
tf H2 + CO,) by carrying the CO oxidation step as close as possi- 
ble to the anode chamber and therefore minimizing the residence 
time and production of CO (Wilkinson et al., 1996). 

The batch reactor is convenient especially for portable applica- 
tions due to fuel storage restrictions, whereas the continuous stirred 
tank reactor behavior is approached by fuel cells considered for 
aerospace applications (O,/H, feed). Parallel flow distribution 
reactors are mainly used (all cells in a stack are fed with reactant at 
the same time). In some cases, however, cascaded flow distribution 
reactors where groups of cells in a stack are fed in series (Winsel, 
1971) are used in cases where reactant stoichiometries need to be 
low if recirculation needs to be avoided for simplication (e.g., with 
H, fuel in a portable application). Other reactor configurations can 
benefit fuel cell systems, especially to address specific issues or to 
take advantage of new opportunities. As already mentioned, the 
advent of highly efficient pressure swing adsorption systems 
increasing reactant concentrations offers a path to reduce mass 
transport issues especially for the oxidant stream. New reactor 
designs or modifications of existing ones would ensure that fuel 
cell efficiency is optimized by taking advantage of the more con- 
centrated reactant streams that can be produced. This is yet anoth- 
er challenge for fuel-cell reactor design. 

Mars Trcrnsfkr. Mass transfer plays a significant role in reactor 
design, especially for low temperature fuel cells, as explained pre- 
viously. This is due to the existence of significant gradients in con- 
centration and temperature, which are the result of electrochemical 
reactions, and to system related requirements (reactant stoichiome- 
tries and coolant f o w  rates required to be low to reduce parasitic 
power), which further complicates issues by creating nonuniformi- 
ties. For example. in polymer electrolyte fuel cells, water is required 
for the ion-exchange polymer to be conductive. In systems operat- 
ing without external reactant humidification (for simplification), 
this creates a weak area at fuel-cell inlets due to the resulting dry 
region. The fuel-cell outlet can, however, contain a substantial 
amount of hater, which creates a mass-transfer problem. This com- 
plication is further affected by the decrease in reactant concentra- 
tion from the inlet to the outlet. Several methods are available to 
mitigate these issues and include reactor design, flow field design, 
electrode design, and operating conditions selection (Wilkinson and 
St-Pierre, 2001 ). For example, the electrode porosity can be 
changed to accommodate changes occurring along the flow field 
length. Additionally, operating conditions can be manipulated by 
allowing the temperature to sufficiently increase near the outlet to 
allow evaporation of the water produced andor by condensing 
water in a dry region by lowering the temperature. Managing mass- 
transfer issues will continue to be a very challenging area of devel- 
opment considering the continuous demands on increased power 
density (smaller fuel cells) as well as the potential of new technolo- 
gies that could significantly impact design activities. 

Hear Trar~sjkr. In comparison to mass-transfer issues, heat trans- 
fer has not received the same amount of attention from fuel-cell 
developers and relatively little has been published in this area. Both 
liquid-phase [in a separate flow field or mixed with reactants 
(Wilkinson et al., 1999), liquid electrolyte] and gas phase coolants 
(reactants) have been used to manage heat generated within fuel 
cells. The coolant selection is, of course, partly dictated by the fuel- 

cell type, especially the fuel cell temperature with liquid coolants 
generally being more appropriate for low-temperature fuel cells 
(greater need to remove heat to keep the operating temperature low) 
and gaseous coolants being preferred for high-temperature fuel cells 
(heat maintains the high operating temperature, whereas reactant 
circulation fine-tunes it to the desired level and uniformity). The 
method used to distribute coolants is also flexible depending on the 
temperature distribution required. The cell/stack design can be 
adapted to the heat flux in the fuel-cell plane (Wozniczka et al.. 
1998) and/or perpendicularly to that plane. For liquid coolant selec- 
tion, different factors play a role: availability, cost, physical proper- 
ties (such as thermal and electrical conductivity, heat capacity, vis- 
cosity, freezing point. ion solubility, etc.), and contamination risk to 
fuel-cell system components. Automotive coolants, such as the 
well-known watedethylene glycol system, have used inhibitors to 
limit degradation which poison the fuel cell (ethylene glycol 
degrades with time due to an autocatalytic reaction). However, for 
low-temperature fuel cells, the operating temperature is significant- 
ly lower than in an internal combustion engine, which significantly 
reduces glycol decomposition rates. Further reduction in decompo- 
sition rates is achieved by adding an ion-exchange resin to capture 
the products of decomposition (St-Pierre et al., 2000b). This system 
has the added advantage of maintaining the ionic conductivity of 
the solution at a sufficiently low level and, therefore. minimizes the 
risks of stray currents. These currents arise in the presence of con- 
ductive coolants, which are subject to potential differences locally 
creating material degradation by corrosion and decreasing fuel cell 
efficiency. This field could benefit from further study in view of 
glycol toxicity and other concerns. 

Current Distribution. Current distribution is a design parameter, 
which is not generally a consideration for most reactors, but which 
adds a new layer of complexity to electrochemical engineering 
processes. This is an important area, which has also been somewhat 
neglected, although it may significantly impact fuel-cell efficiency, 
as well as reliability. Uneven current distribution i s  the result of 
nonuniformities in electrolyte conductivity, kinetic and mass-trans- 
fer limitations, and reactant concentration. This can result in hot 
spots (areas of higher than average current density) creating 
mechanicallthermal stresses that can negatively affect fuel-cell 
materials eventually leading to failure. An uneven current distribu- 
tion also results in a lower fuel-cell efficiency since areas of lower 
current density do not contribute as much to the production of 
power. Although a number of methods are available to diagnose 
current density distributions (Stumper et al., 1998), such as mask- 
ing sections of an electrode active area, separating the active area of 
a fuel cell into several independently controlled units. or using a 
segmented flow field plate, few in-depth studies are available. 
Current distribution is still an important aspect of fuel cell design. 

Conclusion 
The rise in pollution (regulations are becoming more stringent), 

fossil fuel reserve limitations, and deregulation of the distributed 
power sector (driven by power losses, electromagnetic radiation haz- 
ards, plant siting, and plant cost concerns) are concerns that have and 
will continue to increase global concerns. These issues represent 
strong driving forces behind the development of new power sources 
with potentially zero-emission fuel life cycles. Hydrogen as a fuel 
has the potential to be a zero emission life cycle energy carrier, as 
long as it is produced by renewable technologies, such as hydroelec- 
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tric, solar, geothermal, wind and biomass (long-term sustainability). 
However, a substantial amount of work is still required to achieve 
such a vision since hydrogen still has issues (fuel infrastructure and 
storage) and < 2% of the world energy is produced from renewable 
sources. Irrespective of the fuel selection, fuel cells are a real alter- 
native for energy conversion in the near and long-term future. In a 
relatively short time frame, a number of organizations around the 
globe have taken on the challenge to commercialize fuel cells. Some 
key engineering aspects of fuel cells have been discussed, but many 
other areas, such as modeling, reliability, catalysis, sensors, manu- 
facturing, and control, represent additional challenges awaiting to be 
addressed to bring fuel cells to a full commercial scale. Chemical 
engineering can play a major role in this endeavor, and many present 
and future career opportunities exist in various fields, especially in 
the areas of electrochemical and chemical engineering. 
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