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SUMMARY 
 

While most fuel cell work has focused on large fuel cells, there are niche markets for 
simple, small fuel cell systems. We compare the constraints and the criteria for the power 
supply for three niche applications: a small remote stand-alone system consisting of 
stack, photovoltaic generator, electrolyzer, and seasonal storage; a portable computer; 
and a mobile phone. For small portable applications, the combination of fuel cell and 
metal hydride faces stiff competition from advanced lithium-ion batteries. Compared 
with the metal-hydride, these have the same or lower costs, have similar gravimetric 
energy densities, and can achieve volumetric energy densities half as high. When the 
volume and weight of the stack are added to that of the metal hydride, the battery's 
performance seems quite respectable. It will be hardest for the metal-hydride/fuel cell 
combination to compete in very small applications, such as the mobile phone; larger 
applications, such as the portable computer, are more promising. 
 
A commercial 22 cell stack was operated under a wide range of conditions to 
experimentally investigate its capabilities and how they can be improved. We modified 
the stack testbench so that it measures the voltage of every cell and the temperature of 
every third cell; this provided sufficient information to determine when flooding, dryout, 
crossover, hydrogen starvation, and oxygen starvation were occurring in individual cells. 
We removed five weak cells from the stack. Free convection currents can be strengthened 
by placing a cardboard chimney over the stack, and this improves the stack performance. 
The net power output of the stack can be raised significantly by forcing air through the 
cathode air channels with a fan, especially at low temperatures, e.g., at start-up, or at high 
currents. The fan tends to dry out the cell membranes, however, especially at 
temperatures above 40ºC. At temperatures below this, flooding of the cathode tends to 
occur, especially with free convection.  
 
A model of the thermal processes in a free convection stack has been developed. 
Modeling of heat losses and air flows in the cathode air channels with free convection is 
the most challenging aspect of this work. The density gradient that engenders the air flow 
is caused not simply by heat transfer from the stack, but also by water evaporation from 
the cathode and the consumption of oxygen by the cathode. We found a relation that 
accounted for the heat transfer from the stack and the water vapour, but it is only 
applicable when flows are fully developed. Nevertheless, we use this to investigate the 
relationship of stack power and temperature, and the conditions under which membrane 
dryout will occur. Various ways to improve cooling through free convection and forced 
convection are investigated with the model. Ultimately, however, a numerical approach 
would be required to do this work accurately. 
 
Manufacturers of small stacks, miniature valves, miniature pressure regulators, miniature 
compressors, and very low voltage DC-DC converters are surveyed, and promising 
components identified. The requirements for small fuel cell systems, such as explosion 
hazard compliance for valves, are discussed.  
 



CONTENTS 
 

Summary.............................................................................................................................. i 
1 Introduction...................................................................................................................... 1 
2 Niches .............................................................................................................................. 2 

2.1 Constraints and Criteria for Small Power Sources .................................................... 2 
2.1.1 Seasonal Storage for Photovoltaic-Powered Stationary Applications ................ 2 
2.1.2 Portable Applications .......................................................................................... 6 

2.2 Comparison of Fuel Cells with Competing Power Sources ...................................... 8 
2.2.1 Metal-Hydride Storage for Portable Fuel Cell Systems...................................... 9 
2.2.2 Other Forms of Storage for Portable Fuel Cell Systems................................... 14 

3 Experimental Observations............................................................................................ 15 
3.1 Introduction ............................................................................................................. 15 
3.2 Test Equipment........................................................................................................ 16 
3.3 Removal of 5 Cells from the Stack.......................................................................... 17 
3.4 Stack Heating due to Crossover............................................................................... 18 
3.5 Temperature Profile of the Stack............................................................................. 19 
3.6 Enhancing Free Convection and Experiments with Forced Convection................. 20 
3.7 Experimental Investigations in Stack Cooling ........................................................ 23 
3.8 Observations Relating to Membrane Humidification.............................................. 25 

4 Modelling of Stack Thermal and Water Transport Processes ....................................... 28 
4.1 Introduction ............................................................................................................. 28 
4.2 Heat and Mass Transfer Considerations .................................................................. 30 
4.3 Modelling Results.................................................................................................... 33 

4.3.1 Comparison with the BCS Stack....................................................................... 33 
4.3.2 Stack Temperature and Dry-Out Modelling...................................................... 34 
4.3.3 The Relative Importance of the Heat Loss Mechanisms................................... 35 
4.3.4 Size and Shape of Cooling Ducts and Cathode Air Channels........................... 37 
4.3.5 Forced Convection Air Cooling ........................................................................ 39 
4.3.6 Thermal Management Incorporating the Metal-Hydride Store......................... 40 
4.3.7 Recommendations for Stack Temperature and Thermal Management ............. 41 

5 Components for Small Fuel Cell Systems ..................................................................... 42 
5.1 Small Fuel Cell Stacks............................................................................................. 42 
5.2 Miniature Pressure Regulators................................................................................. 44 
5.3 Solenoid Valves....................................................................................................... 47 
5.4 DC to DC Conversion.............................................................................................. 48 
5.5 Miniature Compressors............................................................................................ 49 

References......................................................................................................................... 50 
 



 1

1 INTRODUCTION 
 

A fuel cell stack results from the connection of a number of fuel unit cells in 
series. While the fundamental electrochemistry of the stack is the same as that of the cell, 
the increased size and complexity of the stack introduce new challenges. These 
challenges tend to be more of an engineering than electrochemical nature, involving such 
subjects as heat and mass transport, mechanical design, and gas-tight seals. Furthermore, 
while the single unit cell tends to remain a laboratory device, the stack is meant to be a 
useful provider of power, and thus consideration must be given to those auxiliary 
components, such as storage vessels, fans, pumps, valves, and regulators, which permit 
the stack to function in the real world. The selection of these auxiliary components and 
their integration into the fuel cell system are, once again, engineering, rather than 
scientific, concerns. 

Since the summer of 1999, a sub-group of the Advanced Energy Systems group of 
the Helsinki University of Technology has been working with fuel cell stacks as part of a 
hydrogen system program. This work complements the already established and more 
comprehensive program of fuel cell research conducted by the rest of the hydrogen 
systems group. This stack sub-group covers largely the same types of problem as the rest 
of the group, but its approach is different: while the main fuel cell research program deals 
with stack design from the point of view a unit cell upward, the stack group starts with a 
stack and investigates how it functions as a whole, and how it interacts with the rest of 
the system. Like the rest of the group, the stack sub-group restricts itself to PEM (proton 
exchange membrane) fuel cells. The objective of the stack group has been to identify key 
engineering considerations in stack design, so that these can help the rest of the group to 
build stacks suited to particular types of applications. The group has focused on small, 
simple stacks (less than 100 W), suitable for portable or remote stationary use.  

In doing this work, the stack group: 
1) Overviewed the niche for small power sources for portable or remote stationary use. 
2) Improved the diagnostic capabilities of the stack test bench [Noponen, 1999] in that it 

now measures the voltage of every cell in the stack and the temperature of roughly 
every 3rd cell in the stack [Noponen 2000]. 

3) Removed several poorly functioning cells from the existing stack, and in so doing, 
probed its internal design.  

4) Investigated the operation of the stack under various conditions, with the aim of better 
understanding humidification, heat loss, and air transport to the cathode. 

5) Validated and extended the H2Photo simulation program and then used this to 
analyze the operation and economics of small fuel cell systems for remote stationary 
use [Noponen, 2000] 

6) Gathered information on miniature valves, regulators, fans and compressors that 
could be used with a fuel cell system. 

7) Analyzed the limits that cooling and humidification place on the stacks using either 
passive or simple and inexpensive cooling systems. 

8) Constructed a simple demonstration system. 
 
This report documents these activities, with the exception of item #2 and #5, which are 
covered elsewhere, and item #8.  
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2 NICHES 
 
A large number of well-funded companies, laboratories, and universities around the 
world currently conduct research in the field of fuel cells and hydrogen systems. Most of 
these appear to have focused on transportation and large stationary applications. Rather 
than compete with these organizations, the hydrogen group decided to investigate less 
popular niche markets. The niche market we chose is the small, simple stack for portable 
or remote stationary use. PEM fuel cells are better suited to this niche than are other types 
of fuel cells, which tend to require higher operating temperatures and additional 
electrolyte circulation systems. This is an appropriate niche for a small group since the 
engineering work associated with active cooling systems, compressors, and humidifiers is 
avoided. Furthermore, it should be particularly interesting to Finnish industry, where 
wireless telecommunications demand advanced power sources for portable handsets as 
well as fixed ground stations.  
 
 
2.1 Constraints and Criteria for Small Power Sources 

 
At the outset of our investigation, we examined this niche in terms of the constraints and 
criteria for the power source in typical portable and small remote systems [Ross, 1999]. 
Three potential applications were examined: a system consisting of a fuel cell, 
electrolyser, solar array, and hydrogen store large enough to store a significant portion of 
the winter energy demand; a portable computer; and a cellular phone. A synopsis of the 
findings is given in Table 1; discussion of each of the three applications is found in 
subsequent sections. 
 

 

2.1.1 Seasonal Storage for Photovoltaic-Powered Stationary Applications 

 
Application: Photovoltaics are widely used to power small electrical loads where there is 
no grid power. In these applications, reliability and low maintenance costs tend to be very 
important, since frequent site visits can raise the cost of electricity prohibitively. An 
electrolyzer/storage/fuel cell system can be used to provide power to a load during the 
winter months, when the output of a photovoltaic array is much diminished, especially at 
higher latitudes [Vanhanen, 1996a], [Vanhanen, 1999]. Applications include off-grid 
telecommunication ground stations, off-grid monitoring systems, and off-grid residences 
and cottages [Ross, 1999a]. 
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 Seasonal Storage Mobile Computer Cellular Phone 

Typical Average 

Load 

10 to 400 W  4 to 10 W when on Standby: 20 mW  
Talk: 0.8 W 

Variation in Load Two types: 
1) high short-term 

variability but little 
variation from day 
to day 

2) variation at time-
scales up to several 
days or weeks 

Depends on user’s 
activities: 2 to 20 
Watts when on; off 
most of time  

Standby: 10 to 40 
mW, Talk: 0.2 to 2 
Watt; load profile 
depends on user. 

Load Voltage 12, 24, 48 V typical 12 to 15 V typical, 
can be as low as 5 V 

Used to be 6 to 7V, 
now 3V, may fall 
further 

Operating 

Temperature 

-35 to 35ºC w/o thermal 
management 
-5 to 25º w/ passive 
thermal management 

10 to 35ºC -5 to 40ºC 

Min Vol. Energy 

Dens. 

90 Wh/l 300 Wh/l 140 Wh/l 

Maximum Volume No limit 1 litre 120 ml 

Min Grav. Energy 

Dens. 

40 Wh/kg 160 Wh/kg 100 Wh/kg 

Maximum Mass No limit 1 to 1.5 kg 100 grams 

Cost per Unit 

Energy 

Must be less than 
competing options: 
1) Pb-Acid batteries at 

US$150 to 200 per 
kWh 

2) New batteries 
costing as little as 
US$75 per kWh? 

3) Enlarging the array, 
equivalent cost as 
low as US$35 per 
kWh 

Compare with 
Lithium-Ion 
batteries at US$ 
0.70 to 2 per Wh 

Compare with 
Lithium-Ion 
batteries at US$ 3 to 
13 per Wh 

Max Cost No limit US$500 US$100 

Minimum Lifetime 3 years 1 to 2 years 1 to 2 years 

Max Maintenance 

Freq. 

Once or twice a year Monthly or semi-
monthly 

Monthly or semi-
monthly 

Reliability Extremely high Moderate 
requirements, but 
must be very rugged 

Moderate 
requirements, but 
must be very rugged 

Max Charge Time NA Several hours Several hours 

Min. Storage 

Capacity 

NA 10 to 40 hours of 
operation = 100 to 
400 Wh 

10 to 30 Wh 

Table 1 Synopsis of Constraints and Criteria for Small Fuel Cells 
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Load—Upper Limit: Assuming that photovoltaics are the ultimate source of the 
electrical energy for these systems, an upper limit for the average load can be established 
by examining the cost-effectiveness of existing PV systems not requiring seasonal 
storage. That is, unless the price of photovoltaic modules declines considerably (based on 
the past 5 years, only moderate price reductions can be expected in the near-term), the 
cost of the PV array will dictate the maximum size of these systems; loads greater than 
this can be powered more cost-effectively by genset-battery systems, which have no need 
of fuel cells.  With delivered costs for diesel fuel of US$1 per litre, an upper limit on PV 
systems will be around 160 Watts (with a PV price of US$5 per Wp) to 250 Watts (with a 
PV price of US$2 per Wp) [Paish, 1999] . At very remote sites, where fuel costs and 
maintenance costs will be higher, an upper limit for the load of 300 to 500 W can be 
estimated.  
 

Load—Lower Limit: Addition of a seasonal storage system to a PV/battery system 
greatly increases the system complexity. The seasonal storage will introduce fixed costs, 
regardless of the size of the system, just for fuel-handling, control, etc. Moreover, 
maintenance costs will be higher, and reliability of the system will tend to be lower. At 
remote applications, the more reliable, lower-maintenance PV/battery system will tend to 
command a cost premium. Compare expensive maintenance-free lead-acid batteries 
($200 per kWh) with steel storage vessels ($30 per kWh), assuming one visit per year 
with a seasonal storage system and just one visit every 2 years with a PV battery system, 
a 5 year period, and Juha Vanhanen’s assumptions for the cost of a service visit (labour 
plus transport only) [Vanhanen, 1996]. This suggests a lower limit of around 9 kWh of 
hydrogen-based seasonal storage. Assuming the seasonal storage is required for 90 days, 
this establishes a lower limit of around 4 W average load. This does not account for the 
cost of the fuel cell, electrolyzer, controls, and gas handling unit, however. Therefore a 
minimum load of around 5 to 20 Watts can be estimated. Below this, batteries alone will 
be more economical. 
  
Load—Variation: Specifying the load in terms of continuous draw masks the variation 
that typically occurs in the load. The variance associated with the average load is not 
constrained (i.e., it is possible to imagine systems which sit idle for 99% of the time and 
then put out high power levels for the remaining 1 % of the time), but it appears that there 
are two types of systems. In most telecommunications, monitoring, cathodic protection, 
and navigational aid applications, which forms the first type, there will be little variation 
in the daily load, but on a short time scale there may be extreme variation. For example, a 

hypothetical blinking navigational beacon might use 1±0.2 kWh per day, but its duty 
cycle might be: 4.7 seconds, no load, 0.3 seconds, 700 Watts. At remote dwellings, the 
second type of system, the occupants’ activities will determine the power requirement, 
and their activities may vary greatly from day to day. Not only will there be short time-
scale variation in the load, but there will also be variation in the load on the time-scale of 
days or weeks, e.g., the variation in the load of a cottage that is normally occupied only 
on weekends, but over Christmas it is occupied for a period of a week.  
 Assuming that the PV-seasonal storage system incorporates a battery for short-
term energy buffering, the duty cycle of the first type of system described above presents 
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no additional difficulty, since the battery can provide surges of power on a short time-
scale. On the other hand, the second type of system described above may require a surge 
of power sustained for a long period of time, and may impose serious constraints on the 
sizing of system components. 
 
Load—Voltage: Typical voltage levels for remote sites are 12, 24, or 48 VDC. 
  
Temperature: Most sites lacking electrical power will also lack ready sources of heat. 
As a result, the power system must either be accompanied by its own thermal 
management system or must be able to function over a wide range of temperatures. Given 
that seasonal storage systems typically will be found at high latitudes, they will tend to be 
operating in cold climates. Without thermal management, a temperature range of –35ºC 
to 35ºC could be assumed. On the other hand, passive thermal management techniques 
can limit this range to approximately –5ºC to 25ºC at most sites. The cost of such passive 
thermal management techniques must be weighed against their associated cost reductions 
and reliability improvements.   
 
Weight and Volume: For most remote sites, weight and volume will not be critical 
considerations. They will impact system cost and feasibility inasmuch as they affect 
transportation and installation costs. Probably total system energy densities should be 
higher than that for lead-acid batteries, the existing solution, these being roughly 90 Wh/l 
and 20 to 40 Wh/kg.  
 
Cost: Hydrogen-based seasonal storage will have to compete on a cost basis with 
existing and future alternatives. Specifically, they will compete with other forms of 
storage, and with expansion of the PV array, which reduces storage requirements.  

The lead-acid battery is the existing storage option, costing roughly US$100 to 
US$200 per kWh of storage capacity; the price is strongly influenced by the quality of 
the battery chosen. In the near future (next ten years), other battery systems may be used 
for seasonal storage. For example, zinc-air batteries may be available at a cost of roughly 
US$75 per kWh [Ross, 1999b]. 

The requirement for seasonal storage can be reduced by increasing the size of the 
array. The efficacy of this measure will depend on the insolation during the period of 
seasonal storage as well as the size of the battery; the battery must be large enough to 
supply electricity during low insolation periods on the time-scale of at least one or two 
weeks (or even longer at higher latitudes). For example, if the average daily insolation in 
the plane of the array during the period of November through January is 2 kWh/m2/day 
and the cost of PV is US$5 per Wp, then enlarging the array supplants storage at a cost of 
roughly US$35 per kWh. Note that this is close to the cost of storage of hydrogen in 
pressurized steel vessels; it does not account for additional cost of a large battery, 
however. This approach is problematic, however, because the variability in the solar 
resource is heightened during winter. For example, Helsinki may average 0.8 
kWh/m2/day in the plane of the array in a good December, but in a bad year the figure 
can be as low as 0.15 kWh/m2/day.  
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Maintenance and Reliability: For most stand-alone applications, the cost of down-time 
and maintenance calls will be very high, being roughly proportional to the difficulty of 
getting to the site. The system may require a loss of load probability below 0.01% (one 
hour per year on average) and should require maintenance only once or at maximum 
twice a year. The high cost of accessing most remote sites suggests that system lifetimes 
should be fairly long, to avoid frequent reinstallation charges; a lifetime of 3 years 
suggests itself as a minimum. 
 
 
2.1.2 Portable Applications 

 
Application: There is a vast array of small portable devices which require only a small 
supply of power, such as portable computers, mobile phones, camcorders, etc. The power 
supplies for these devices are characterized by an emphasis on high gravimetric and 
volumetric energy densities, reasonably high power densities, varying loads, and fast 
recharge times.  
 
Portable Applications—The Portable Computer 

 
Load Characteristics: The notebook or laptop computer is typical of a portable 
application with a high load. When operating, most portable computers draw an average 
of roughly 4 to 10 Watts at a voltage between 5 and 15 V, with 12 to 15 V typical. The 
load power varies greatly however: the notebook remains turned off (no load) most of the 
time, and during operation the actual load depends on the state of the screen (on or off), 
hard drive (idle, spin up, read/write, search, etc.), processor (full clock speed or 
“suspended” operation), and peripherals (modem, CD drive, network adapter, etc.). 
Typically a “power manager” controls the operation of all the components, adjusting their 
state so as to minimize the power used. As a result, power requirement can change 
rapidly and drastically, perhaps from a couple of Watts to a maximum of 15 to 20 Watts. 
The actual variation will depend entirely on the user’s behavior. 
 
Temperature: The power supply for most portable computers need not operate over an 
especially wide temperature range.  Other components (e.g., LCD displays and hard-
drives) restrict the operating temperature and it is unlikely that the user will be 
comfortable operating the computer at low or high temperatures. For most applications, 
therefore, an operating temperature range of 10ºC to 35ºC should be acceptable.  
 
Weight and Volume: High volumetric and gravimetric energy densities are essential; in 
addition, the actual size and weight of the total power system should be small. Presently, 
the best lithium batteries can deliver 300 to 435 Wh/litre and 150 to 200 Wh/kg, albeit at 
a cost of up to US$3 per Wh. While most portable computer batteries are relatively small 
(200 to 500 grams) and power the computer for 2 to 3 hours, one of the most advanced  
lithium ion polymer battery is a 1 kg, 0.6 litre prismatic “pad” the size of a computer 
footprint, capable of powering the computer for 16 hours (see www.electrofuel.com). 
This type of approach—a bigger, but considerably longer lasting power supply—may be 
suitable for fuel cell systems. The size and weight of the Electrofuel battery are probably 
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close to the maximum values a user will accept; otherwise, the battery will be larger and 
heavier than the computer itself. 
 
Cost and Lifetime: Presently lithium ion batteries are priced at roughly US$3 per Wh for 
the most expensive polymer types and US$0.70 for cylindrical cells. It is likely that the 
former price will decline since this is fairly new technology. A target of roughly US$0.50 
per Wh seems reasonable. It is hard to get lifetime data, but it appears that under normal 
use, these types of batteries last 1 to 2 years, or 200 to 1200 cycles. The large Electrofuel 
battery mentioned above costs US$500, which may be close to the upper limit on what a 
user will expect to pay.  
 
Maintenance and Reliability: These are less critical than with the seasonal storage 
application above. Portable computer users are already used to 1) frequent recharging, 2) 
running out of power, 3) the computer crashing, 4) having to replace batteries that are 
worn out and 5) hard drive and other component failures. The user can therefore be 
expected to do some regular but simple maintenance and the supply need not be as 
reliable as with the seasonal storage. On the other hand, most laptops are dropped at least 
once in their lifetime, and experience countless less severe impacts, suggesting that the 
power supply must be considerably more rugged than in the case of the seasonal store. 
 
“Charge” Time: Instant refueling is probably ideal, but charge times of less than three 
hours are acceptable. The operating time between charges should be at least 3 hours (the 
upper limit with commonly used batteries at present). A case can be made for operating 
times of 10 to 40 hours, even if this required a larger supply, since short operating times 
between charges seem to be cited as a major impediment to the practical use of portable 
computers.  
 
Portable Applications—The Mobile Phone 

 
Load Characteristics: The mobile phone or personal communicator is typical of a small 
load application. The power requirement for these devices depends on whether they are 
off (no load), on standby (roughly 10 to 40 mW), or in talk mode (roughly 0.5 W to 1 W 
for current GSM phones). In the future, these power requirements may decrease, due to 
more efficient receive and transmit circuits and smaller cells, but may also increase, as 
capabilities are added to the phones. The power draw is also dependent on the strength of 
the network signals at the location of the phone; the talk mode requirement may be as low 
as 0.2 W with strong signals or as high as 2 W with very weak signals. The power 
requirement may surge for short periods due to temporary high loads, such as during 
ringing or when the keypad light is on. In recent years the voltage has dropped from 6 or 
7 to 3 volts; it may decline to lower levels in the future.  
 
Temperature: Mobile telephones are used wherever humans go, be it outside on a cold 
winter night or inside a hot car that is parked in the sunshine. This suggests a wide range 
of temperatures, perhaps -5ºC to 40ºC. 
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Weight and Volume: Mobile phones are quite small, and a power supply that is 
voluminous or heavy in comparison to the phone will be unacceptable. The existing 
technology is lithium ion and NiMH batteries. The batteries used in existing phones have 
low energy densities of around 50 to 100 Wh/kg and 100 to 150 Wh/litre due to 
“overhead” such as the battery shell; the lithium ion superpolymer battery from 
Electrofuel, which represents state-of-the art, achieves about 140 Wh/kg in an "ultra 
slim" mobile phone battery. Typical battery weights are in the neighborhood of 30 to 130 
grams. Volumes are typically in the neighborhood of 25 to 60 ml.  
 
Cost: The main competitor to a fuel cell supply will be small batteries. While per unit 
capacity costs for batteries are roughly in line with those for portable computers (which 
employ slightly larger versions of the same batteries), smaller capacities lead to much 
lower costs for the batteries, these being in the neighborhood of US$20 to US$50. A 
charger costs between US$5 and US$30, depending on options. In a recent presentation 
on power sources for mobile phones, Ericsson noted that phones are increasingly seen as 
a commodity, and "consumers want added value but are not willing to pay very much for 
it". As a result, cost is a very important criteria affecting system architecture [Turner, 
1999]. 
 
Maintenance and Reliability: By arguments similar to those made for portable 
computers, reliability and maintenance requirements need not be as stringent as in the 
seasonal storage system, but impact resistance and durability will be important. 
 
“Charge” Time: Once again, instant refueling is probably ideal, but charge times of less 
than two to four hours are acceptable. The operating time between charges should be at 
least 50 hours on standby and 2 hours on talk (these are the capabilities of existing 
phones), and preferably much longer. 
  
 
 
2.2 Comparison of Fuel Cells with Competing Power Sources 

 
The above analysis touched upon the power sources against which small fuel cell systems 
will have to compete. In remote stand-alone applications, the competition will be lead-
acid batteries (for low power requirements) or genset-battery systems (for high power 
requirements). Here, the most important points of comparison are cost, reliability, and 
maintenance requirements. In portable applications, the competition will be advanced 
rechargeable batteries, particularly those based on lithium. For most portable 
applications, the key measures of performance will be the gravimetric and volumetric 
energy densities, with cost being the next most important consideration. 
 In order to compare the fuel cell system with the battery, the energy carrier and 
storage method must be specified. Options include [Vanhanen, 1996b]: 
1) compressed gaseous hydrogen, 
2) liquid hydrogen, 
3) cryoadsorption of hydrogen, 
4) hydrogen storage in zeolites, 
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5) hydrogen storage in metal hydrides, 
6) a liquid or gaseous high energy hydrocarbon fuel that is reformed to hydrogen as 

needed, 
7) liquid methanol utilized directly by the fuel cell.  
 
Liquid hydrogen and cryoadsorption require complex machinery to achieve the low 
temperatures necessary and are therefore not relevant to small applications. Zeolites have 
comparatively low energy densities, and are therefore not suitable to portable 
applications. Gaseous hydrogen at low pressures (say, up to several tens of atmospheres) 
may be reasonable for stand-alone applications, but the low volumetric energy densities 
eliminate it from serious consideration for portable applications. Conversely, high 
pressure (roughly 200 atmosphere) gaseous storage could be acceptable for portable 
applications, but the complex compressors required make it ill-suited to stand-alone 
systems where the hydrogen would be generated at low pressures by an electrolyser. 
Methanol and other fossil fuels are obviously applicable only to portable systems, since 
conversion of hydrogen from the electrolyser into the fossil fuels is not feasible in small 
stand-alone systems.  
 
 
2.2.1 Metal-Hydride Storage for Portable Fuel Cell Systems 

 
Hydrogen storage in metal hydrides is perhaps the most attractive storage 

medium, especially for portable applications, due to its high volumetric energy density, 
which is comparable to that of liquid hydrogen. The combination of small fuel cell and 
metal-hydride store is often proposed as the eventual usurper of the nickel-cadmium, 
nickel metal-hydride and lithium rechargeable batteries currently used in mobile phones, 
portable computers and camcorders. These battery technologies are continuously 
improving, however, and fuel cell systems will have to be greatly improved in order to be 
competitive with them. 

 Metal hydrides are often attributed very high hydrogen storage capacities, up to 
approximately 3 kWh/l and 3 kWh/kg [Vanhanen, 1996b]. Unfortunately, these high 
storage capacities are generally not for technologies that are appropriate for portable 
applications. For example, magnesium-based alloys can reversibly store 4 to 8 % of their 
weight in hydrogen, but operate at around 300 ºC, an unacceptably high temperature for 
miniature power sources [Schwarz, 1999]. Metal hydrides that operate at temperatures 
around 25ºC have a maximum reversible hydrogen storage capacity of about 2% by 
weight [Vanhanen, 1996b], [Schwarz, 1999]. This suggests a gravimetric energy density 
for the material alone (i.e., without container) of 660 Wh/kg. Multiplying by the density 
of these metal hydrides and accounting for a 30% increase in volume during hydration 
[Hagström, 1999, p. 7], the volumetric energy density is approximately 3 kWh/l. On the 
face of it, these figures seem very high compared with the battery technologies shown in 
Figure 1. 

 The metal hydrides must be contained in a hydrogen-impermeable vessel capable 
of withstanding the pressures that will occur if the metal-hydride is heated, which may 
easily exceed 10 bar for a charged, 80ºC metal-hydride that normally cycles at 1 bar at 
25ºC (e.g., the Hydralloy E60/0 from GfE Metalle und Materialien GMBH). In addition, 
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Figure 1. Battery Technology Comparison
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Figure 2 Batteries versus Metal Hydrides: Implications for Required Fuel Cell Power Density
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for all but the smallest metal-hydride containers, the heat transfer within the container 
will need to be improved through heat-transfer elements or other means. These increase 
the weight and volume of the store. The resulting energy densities are around 500 Wh/kg 
and 1800 Wh/l (calculated from data in [Sapru, 1999]). These figures do not account for 
inefficiencies in the fuel cell, however. Assuming a 50% efficient fuel cell, the energy 
density is roughly 250 Wh/kg and 900 Wh/l for small stores.  

Several rechargeable lithium battery technologies are compared with near ambient 
temperature metal hydrides in Table 2. While the volumetric energy density of the metal 
hydrides is clearly superior to those of the batteries, the battery and the metal hydride 
store are comparable in terms of gravimetric energy density. Indeed, the data suggest that 
if steel cylinders are used to contain the metal hydride, the battery may have a higher 
gravimetric energy density. 

 

 Gravimetric 
Energy Density 
(Wh/kg) 

Volumetric 
Energy Density 
(Wh/l) 

Ambient temperature, 2% by weight MeHx, 
assuming 50% efficient fuel cell, no container or 
heat-transfer considerations (estimated) 

330 1500 

Ambient temperature, 2% by weight MeHx, 
assuming 50% efficient fuel cell, container included 
(estimated) 

250 900 

Energy Conversion Devices 250 Wh, 2% by weight 
MeHx with container, assuming 50% eff. fuel cell 
([Sapru, 1999]) 

? 900 

Gfe Hydralloy E60/0 29 Wh, 1.5% by weight MeHx 
in 30 bar steel cylinder, assuming 50% eff. fuel cell 

115 500 

2% by weight MeHx in above 30 bar steel cylinder, 
39 Wh,  assuming 50% eff. fuel cell 

150 660 

Lithium-polymer prismatic cells ([Oman, 1999: 
Armand, 1999]) 

200 300 

Lithium-ion cylindrical cells ([Oman, 1999: 
Blomgren, 1999]) 

125 310 

Electrofuel Battery without support circuitry, case 185 435 

Electrofuel 160 Wh Portable Computer Battery 160 250 

Electrofuel 7.5 Wh Mobile Phone Battery 135 200 
 

Table 2 The Energy Density of Lithium Battery Technology and Ambient 

Temperature Metal Hydrides 

 
Note that this comparison does not account for the size and weight of the fuel cell 

and auxiliary components. The gravimetric and volumetric power density of the rest of 
the fuel cell system (i.e., everything except for the metal hydride store) that would be 
required for it to match the performance of the lithium battery are shown in Figure 2. The 
fuel cell system is more competitive when the ratio of energy storage to maximum power 
required is large. While the power densities required in Figure 2 are easily achieved in 



 12

large fuel cell stacks, such as those for home power or automotive applications (where 
the year 2000 goals for PEM stacks are 350 W/l and 350 W/kg), they tend to be well 
above what is achieved by commercial small stacks. For example, the DAIS 8 W stack 
has a power density of roughly 21 W/litre and 9 W/kg. Of course, this stack is not 
optimized for portable applications, and much higher power densities can be obtained, 
especially gravimetrically. But consider as well that: 
1) The stack is a prismatic block while the metal-hydride container will be lightest and 

smallest when it is a sphere, or more practically, a cylinder. Integrating the two will 
create wasted space. 

2) The metal hydride has the potential to produce high pressures when warm. To protect 
the stack membrane, a pressure regulator or check valve will need to be added to the 
system. 

3) The fuel cell may require purging to eliminate impurities from the anode side. This 
will require an additional valve. 

4) The fuel cell will need air ducts leading to and away from it. 
5) The fuel cell system will need a case or container to protect it from impact, dirt, and 

the elements.  
While the above would be of little concern in a large fuel cell system, they will 
substantially lower the power density of a small fuel cell system, and make the targets 
established in Figure 2 quite difficult to achieve. For example, a miniature solenoid valve 
weighs 30 g and a miniature pressure regulator 50 g, but the mass of the entire 7.5 Wh 
Electrofuel mobile phone battery is only 55 g. 
 Another indication that the energy density of the lithium battery is approaching 
that realizable with a fuel cell/metal hydride system is the performance of the Hy-Stor 
battery, shown in Figure 1. This rechargeable battery, under development by Ergenics, 
Inc., stores hydrogen in a metal hydride but all reactions occur at a separate set of nickel 
electrodes. This is analogous to what occurs in a fuel cell system. Note that its 
performance is comparable to that of lithium technologies.  
 
 There are a number of important concerns other than energy density. These 
include: 
1) Cost: The cost for metal-hydride material is presently around US$0.70 to 0.80 per Wh 

(50% efficient fuel cell assumed); to this must be added the cost of the container and 
the rest of the fuel cell system. The Electrofuel battery, which appears to command a 
cost premium, is selling for US$3 per Wh in a 160 Wh, titanium clad mobile 
computer battery and will be selling for US$13 per Wh in a 7.5 Wh mobile phone 
configuration in the autumn of 2000. Current prices for other types of lithium 
batteries are reported to be US$1.70 per Wh for prismatic cells delivering 275 Wh/l 
and 100 Wh/kg and US$0.70 per Wh for cylindrical cells delivering 310 Wh/l and 
125 Wh/kg [Oman, 1999: Blomgren, 1999]. Even if fuel cells and the rest of the 
system were free, current metal-hydride stores would offer little or no cost advantage 
compared with these batteries. 

2) Operational Complications: There are a number of operational complications 
associated with a fuel cell that are absent from the battery. In stacks relying on free 
convection, the orientation of the stack may be constrained, and power output may be 
limited during start-up until convection currents have been established. Under certain 
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conditions, excess liquid water may need to be purged from the stack; it may not be 
acceptable to users to permit this water to simply leak out of the power source, e.g., in 
a mobile phone or portable computer. In addition, the fuel cell may have to be 
regularly purged of impurities. These complications create considerable design 
challenges that may affect the feasibility of the technology for portable applications. 
On the other hand, overcharging protection and cell equalization pose complications 
during lithium battery recharging. 

3) Shape of the Power Source: The power source and the portable appliance itself are 
typically integrated into the same package. Thus it is desirable that the power source 
can be made in a range of shapes. Batteries are good in this respect: lithium polymer 
batteries can be built to almost any prismatic shape by stacking thin flat layers, and 
cylindrical lithium batteries can be assembled into battery packs without too much 
wasted space. On the other hand, fuel cell systems consist of two principal 
components, the store and the stack, whose shapes are not easily modified.  

4) Recharging: Recharging a lithium battery will take about 1 to 3 hours, which is 
acceptable for many consumers. A metal-hydride store can probably be refueled more 
quickly than this, although heat dissipation will constrain the rate of refueling and 
thus there will not be an enormous difference. On the other hand, the lithium battery 
can be recharged with a cheap and relatively simple charger (see point 3 above), 
whereas the metal-hydride requires a ready source of hydrogen—which will not exist 
for most consumers—or a relatively expensive and complex electrolyser. The metal-
hydride system offers minor advantages in terms of speed but major disadvantages in 
terms of additional charging equipment. 

5) Cycle life: The metal hydride can be cycled thousands of times to a 100% depth-of-
discharge; lithium batteries can achieve only 200 to 1200 deep cycles [Oman, 1999: 
Blomgren, 1999]. In portable applications, this may not matter, since product 
lifetimes may be as low as 9 months to 2 years, with newer models making older 
models obsolete [Oman, 1999]. 

6) Safety: The amount of hydrogen stored in a small metal-hydride container may be so 
small (i.e., 1 gram per roughly 19 Wh of electrical energy delivered) that it poses little 
safety hazard in most situations; furthermore, the hydrogen adsorbed in the hydride is 
essentially inert. Similarly, lithium ion batteries contain little or no metallic lithium, 
and are essentially safe. One issue that may arise concerns air travel: commercial 
airlines currently permit batteries on board, but do not permit fuel nor matches—nor, 
perhaps, charged metal hydrides. 

7) Self-discharge: A properly closed metal hydride does not self-discharge. Lithium 
batteries self-discharge at a rate of 4 to 8% per month [Oman, 1999: Blomgren, 1999] 
at temperatures around 20 to 25ºC. Battery self-discharge is greatly accelerated at 
higher temperatures, however. With portable phones and computers, which are used 
on a regular basis and recharged frequently, this rate of self-discharge is not critical. 
For camcorders and other devices that are used irregularly, the metal hydride is 
advantageous. 

8) Low-temperature performance: Both metal hydrides and lithium batteries perform 
poorly at low temperatures. The pressure at which the metal hydride desorbs will drop 
as temperature drops, and this will limit the rate of hydrogen release. In well designed 
systems, this may not be a problem, since the heat from fuel cell inefficiencies is 
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theoretically sufficient to warm a metal hydride. The electrochemical reactions in the 
lithium battery proceed much more slowly at low temperatures, with performance 
below 0 or –10ºC very poor [Oman, 1999]; different electrolytes may improve this 
situation in the future [Oman, 1999: Au, 1999].  

 
The above analysis makes it clear that fuel cell-metal hydride systems will have 

difficulty competing with advanced battery technologies in small applications. Limited 
energy storage tends to be more of a problem in higher power devices, e.g., portable 
computers and camcorders, than in low power devices such as phones. Users frequently 
complain about limited portable computer run times, but less commonly about their 
mobile phone battery. Conversely, the smaller the application, the more difficult it will be 
for the fuel cell system to match the energy density, cost, and convenience of the battery. 
To underline this, consider the immense challenge of building a 55 gram, 38 ml fuel cell 
system that fits into a state-of-the-art mobile phone handset. Just packing the components 
into such a small and lightweight package would be a formidable undertaking. Yet to 
compete with lithium batteries that are currently available, it would have to provide 
more than 7.5 Wh of storage and cost less than US$100! 

 
 

2.2.2 Other Forms of Storage for Portable Fuel Cell Systems 

 
 Seeing the considerable hurdles facing small metal hydride/fuel cell systems, it is 
worth examining the alternatives. These include compressed gaseous hydrogen, direct 
methanol fuel cells, reforming of liquid hydrocarbon fuels, and new hydrogen storage 
materials. 
 Gaseous hydrogen compressed to high pressures—say, 200 to 2000 atm—can 
achieve gravimetric and volumetric energy densities in the neighborhood of low 
temperature metal hydrides. The cost and the energy density actually achieved will 
depend on the container, with steel vessels being a heavy, low cost option and advanced 
composites being light but sometimes expensive. At present, vessels capable of safely 
containing hydrogen at these pressures are too expensive to be disposable; conversely, 
the disposable cartridges used with some camp stoves and hair curlers contain a 
propane/butane mixture that is liquid at pressures around 10 atm, and therefore are only 
suitable for low pressure storage. The most serious impediment to high pressure 
hydrogen use in portable applications may be the difficulty of recharging: for the 
consumer to recharge, they will need a source of hydrogen (e.g., an electrolyser or a 
compressed gas tank) and a compressor. Alternatively, retail outlets could sell refueling 
services, but this would require a significant investment in a distribution network and be 
less convenient for the consumer.  

Recently there have been some promising results in the field of hydrogen 
adsorption in carbon materials and the field of near ambient temperature and pressure 
magnesium alloy hydrides. Some experimental work has led to claims that graphite 
nanofibers can adsorb 14% (at temperatures below 40ºC and a pressure of 1 bar) to 68% 
(at 25ºC and 112 bar) of their weight in hydrogen. These claims have been controversial, 
due to difficulties reproducing their results or explaining them theoretically [Dresselhaus, 
1999]. Magnesium alloys can store 4 to 8% of their weight in hydrogen, but currently 
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these require temperatures of around 300ºC for 1 bar operation. A number of research 
groups report theoretical and experimental advances in reducing the temperature at which 
magnesium alloys can be cycled at 1 bar [Schwarz, 1999]. If either of these areas of 
research led to a commercial, high energy density, near ambient temperature and pressure 
hydrogen storage system, it could have far-reaching implications for fuel-cells in portable 
applications. At this point, however, they are still in the very early research stages. 
 Hydrogen is difficult to handle and store. An alternate approach is to use a 
hydrocarbon fuel that is liquid near 1 atm and 25ºC, such that it can be stored easily and 
compactly. This can be reformed to hydrogen as needed by the fuel cell, or in the case of 
methanol, used directly within a direct methanol fuel cell. While the amount of energy 
stored per gram of  hydrocarbon fuel is typically a fraction of that stored in hydrogen 
(e.g., methanol stores 6 Wh per gram to hydrogen's 33 Wh per gram), the lighter, simpler, 
and cheaper liquid fuel storage systems could lead to superior system energy densities, 
simpler refueling, and lower costs, especially in small portable applications. The 
technologies required for this are even less well developed than the hydrogen PEM fuel 
cell, but there are encouraging signs of progress. Direct methanol fuel cell system 
prototypes currently achieve 300 Wh/kg (Manhattan Scientifics Inc. web page, 
www.mhtx.com), and performance 10 times better than that is theoretically possible. 
Traditionally, the problems with this technology have been methanol crossing over the 
membrane to the cathode and the need for high catalyst loadings [Thomas, 1999]. New 
membranes with much lower levels of crossover are being developed [Narayanan, 1999] 
and high catalyst loadings may not affect system cost much for very low power 
applications. 

Miniature fuel processors, which convert liquid hydrocarbon fuels to hydrogen 
gas, have been the subject of much recent research. Using microscopic channels to 
achieve a high surface area, the US military hopes to make a 10 W (electric)  catalytic 
fuel processor that will have a volume of less than 10 ml [Drost, 1999].  
 
 
 
 

3 EXPERIMENTAL OBSERVATIONS 
 
3.1 Introduction 

 
The stack sub-group spent considerable time operating and observing a commercial free 
convection PEM fuel cell stack. This time did not yield any radically new insights into 
the stack's operation nor how it could be improved; indeed, the observations were largely 
experimental confirmation of what is commonly known about fuel cells. Nevertheless, it 
was an excellent way to learn about fuel cells—much more effective than merely reading 
the literature—and underlined the significance of the problems that have been identified 
and tackled elsewhere in the world. Furthermore, it demonstrated the feasibility of 
inferring considerable information about what is happening within the stack, while armed 
only with knowledge of basic fuel cell theory and measurements of current, cell voltages, 
and cell temperatures—this despite not being able to control such variables as cathode 
flow rate, gas humidification, or cell temperatures. 
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 The stack used in this experimental work was a 22 cell free convection stack from 
BCS Technology (see Appendix). The MEA in each cell has an area of 25 cm2. The 
manufacturer states that its maximum output is 70W. The stack is designed to work 
without humidification of the reactant gases. It is intended for operation with air (as 
opposed to pure oxygen). It was several years old when we started using it, and it had 
been put into service for previous experimental work; other than this, its history is 
uncertain.  
 Below is a general overview of the experimental investigations. For details, please 
see the author's Laboratory Notebooks #2, 3, and 4. 
 
 
3.2 Test Equipment 

 
One of the important outcomes of the experimental work was the realization that in order 
to successfully investigate the operation of the stack, the individual cell voltages as well 
as the temperature at various points in the stack must be measured. At the outset of the 
work, only the stack voltage, current, hydrogen mass flow rate, and the temperature in 
one cathode flow channel of one cell near the center of the stack were being measured 
[Noponen, 1999]. If the stack behaved ideally, and all of its cells were identical, this 
would have been sufficient. In fact, the stack is far from ideal, and understanding its 
deviations from the ideal requires knowledge of how individual cells are performing. The 
following examples illustrate how this additional information permitted us to make 
simple but helpful inferences about the internal operation of the stack.  
1) Hydrogen starvation: As a fairly trivial example, when the hydrogen supply pressure 

or flow rate is too low, cell voltages dive to negative levels, one by one, typically 
starting at the cell furthest from the gas supply end, but sometimes at a point nearer 
the centre of the stack. 

2) Hydrogen leakage: As argued in detail below, a cell whose voltage drops when 
hydrogen pressure increases (e.g., upon switching to dead-ended operation from flow-
through operation) may be suffering from molecular hydrogen reaching the cathode 
in some way (crossover). 

3) Flooding: An erratic decline in cell voltage under load that can be fully remedied by 
blowing forcefully through the cathode flow channels, producing liquid water at the 
exit of the channels, probably indicates a flooded cathode. 

4) Membrane dry out: A gradual and smooth decline in cell voltage under load, or a low 
cell voltage that can not be explained by flooding or high load is typically indicative 
of membrane dryout, especially if cell temperature is high, the cell temperature is 
moderate but still well above the equilibrium temperature associated with the 
operating current, or a fan is being used to blow air through the cathode flow 
channels. 

5) Weak convection currents:  When operating without a fan, a wildly fluctuating, low 
cell voltage which can not be explained by flooding usually indicates that convection 
currents in the cathode flow channels are insufficient. Blowing into the cell will 
momentarily raise the voltage. Either the cell is weak, and reactions at the cathode are 
retarded compared with other cells, or convection in the cell is poor, due to 
obstructions, draughts, or a low temperature gradient within the cell.  
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6) Membrane damage: A cell that stubbornly underperforms (i.e., has a low voltage 
compared to other cells) even when it should be well humidified, should have good 
airflow to the cathode, and should have sufficient hydrogen at the anode, probably 
has suffered damage. 

 
  
3.3 Removal of 5 Cells from the Stack 

 
At the outset of the experimental work, several observations led us to the conclusion that 
the 22 cell BCS stack had several defective cells that needed to be removed: 
1) Under moderate loads and an average cell voltage around 0.5 V, the first two cells on 

the left hand1 side had negative voltages; the third cell had a voltage around 0.2 V. 
This remained true with flow from either end, either in dead-ended or flow-through 
configuration (Lab book 2, p 23). 

2) With the stack dead-ended, hydrogen flows were far in excess of the stoichiometric 
requirement. (Lab book 2, p.25 and 29).  

3) The temperature of the left side of the stack exceeded that of the centre of the stack 
by a considerable margin, suggesting problems there (Lab book 2, p. 24). 

 
We hypothesized several possible scenarios. We felt certain that there was a 

hydrogen leak, and suspected that this might be responsible for the low voltages and high 
temperature at the left hand end of the stack. But we also wondered whether there was a 
blockage within the gas flow channels somewhere near the left end of the stack. 
Hydrogen flows in flow-through mode could only achieve 50 to 70 Nl/h with a pressure 
of 1.4 barg. The blockage could have been liquid water that was drawn into the stack 
from the exit tubing when hydrogen, leftover after the hydrogen supply had been shut off, 
reacted in the stack and caused negative pressures. We attempted to eliminate any such 
blockage by turning the stack on its side and forcing nitrogen gas through it. No water 
was observed to escape. 

On the 8th of December, 1999, we partially disassembled the stack, removing the 
four leftmost cells (Lab book 2, p. 33). In doing so we hoped to eliminate the weak cells 
on the left hand side and the leak, which we believed to be on the left hand side of the 
stack. By opening up the stack, we found that 1) the stack has no hydrogen inlet manifold 
that distributes gas to all the cells; rather, the hydrogen flows across one cell, then exits 
that cell and enters the next cell; 2) the threads in the cathode channels do not appear to 
be intended to hold the stack together during assembly, but are more likely for wicking 
water out of the stack; and 3) the stack seems to be sealed by a very thin pinkish polymer 
film, which adheres to the plates but is quite fragile. It was quite difficult to return cells to 
the stack once they had been removed. We found no concrete evidence of damage to any 
of the cells, although on the second cell from the left, which had had the worst 
performance under load, the wicking threads were somewhat brown, as though discolored 
by heat. We located no blockage, though we did find some liquid water on the anode side 
of the second cell from the left. We felt, however, that the tortuous path that the hydrogen 

                                                           
1 In the laboratory notebooks and this report, the "left" end is the negative end of the stack and the "right" 
end is the positive end. Cells are numbered consecutively starting from the left.  
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must follow through the stack explained the limited flow rates we had observed, thus 
removing the reason for our blockage hypothesis.  
 Operating the reassembled stack revealed that most, but not all, of the leakage had 
been eliminated (Lab book 2, p. 35). Prior to the repair, the dead-ended flow rate at 1.4 
barg was approximately 45 Nl/hr; following the repair it was in the range of 7 to 10 Nl/h. 
All cells now had a positive voltage under moderate loads, and were more-or-less 
uniform.  
 Cell 112 still showed evidence of leakage following the repair (Lab book 2, pp. 
36-39). While its performance in flow-through configuration was excellent, showing a 
low overpotential under load, in dead-ended mode it dropped to around 0.1 to 0.2 V, with 
hydrogen pressure a mere 0.8 barg. We re-opened the stack and removed cell 11's  MEA 
(Lab book 2, p. 57, p 69). We tried resealing the stack in a variety of ways (using various 
plastic gaskets, Hylomar Blue, an aluminum plate, etc.), but could not eliminate the leak. 
Subsequent tests were carried out with hydrogen leaking at cell 11, and possibly 
elsewhere, with leakage rates in dead-ended mode of around 2 Nl/h at 0.4 barg and 9 Nl/h 
at 1.6 barg. 
 
 
3.4 Stack Heating due to Crossover 

 
Early in stack testing we observed several strange phenomena linking hydrogen 

pressure, cell voltage, and cell temperature. Increasing the hydrogen pressure or flow rate 
caused a drop in the voltage of certain cells and a slight but perceptible increase in cell 
temperatures. Originally we hypothesized that the temperature effect might be caused by 
viscous heating of the hydrogen on its long route through the stack. This hypothesis was 
discarded when we observed the effect upon switching from flow-through to dead-ended 
mode: with much reduced flow rates but higher pressures, the voltage dropped and the 
temperature rose (Lab book 2, p. 45). 
 An alternate hypothesis was that in some way hydrogen was finding its way to the 
cathode of certain cells, i.e., crossover. Under the impression that crossover should 
manifest itself as open-circuit cell voltages below 0.7V (as suggested by the manual for 
an alkaline fuel cell), we originally discounted this hypothesis because open-circuit 
voltages were relative high.  
 Lacking credible alternative explanations for the above phenomena, we eventually 
returned to this crossover hypothesis. We observed that with the stack open-circuited, cell 
temperatures rose to roughly 10 ºC above ambient, and the rate of increase was greater in 
dead-ended mode than in flow-through mode. It is difficult to imagine a source for this 
heat other than hydrogen reacting at the cathode. Molecular hydrogen reacting with 
oxygen at the cathode would tie up reaction sites for proton-oxygen reactions, and thus 
explain the drop in cell voltage.  
 The cells that showed a voltage drop upon a rise in pressure were originally 11, 
17, 14, 12, 10,  and 13; cell 11, the most obvious source of leakage, was soon removed 
(see above) (Lab book 2 p. 52). Later cells 4 and 1 also exhibited this crossover 
behaviour.  

                                                           
2 Cell numbers refer to the cells remaining in the stack following the removal of the four leftmost cells in 
the stack.  
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 The large number of cells on the right-hand side that showed a voltage drop upon 
a rise in pressure was not, however, fully consistent with measurements of flow and 
temperature. Switching the flow from one end of the stack to another, we found that 
"leakage" rates (i.e., the flow of gas when the stack was open-circuited) were higher with 
flow from the left than with flow from the right (Lab book 2, p. 57). This suggests more 
leaks on the left hand side of the stack than the right, since pressure will always drop with 
distance from the inlet. Furthermore, the left hand side of the stack was consistently 
warmer than the right hand side of the stack. The difference in the temperatures of the 
two ends was generally higher with flow from the right than with flow from the left, 
however (e.g., Lab book 3, p. 56). While this does not fit perfectly with our hypothesis, it 
can be explained by evaporative cooling of the inlet end of the stack (see below). 
 It appears that convection currents are instrumental in dissipating hydrogen that 
arrives in the cathode air channels. This was inferred from the behaviour of cell 4, which 
strongly showed the manifestations of crossover. When gas flow to the stack was turned 
on while the stack was "cold" (i.e., the stack temperature was the same as the ambient air 
temperature), cell 4's voltage was low (on the order of 0.1 to 0.5V) and unstable, even 
with the stack open-circuited. As the stack warmed up, however, the voltage of cell 4 rose 
and became more stable. With the stack roughly 5 to 10 ºC warmer than the surrounding 
air, cell 4's behaviour was comparable to that of other cells (Lab book 3, p. 25). This 
suggests that higher convection currents flush hydrogen from the cathode reaction sites, 
permitting the desired proton-oxygen reaction to occur. To a lesser extent, this was 
observed in cell 1 as well.  
 Intriguingly, the severity of crossover seems to be loosely linked to the level of 
membrane humidification (Lab book 3, p. 41). With the stack "dried out" the dead-ended 
leakage rate (i.e., flow rate when stack was open-circuited) was 9 to 10 Nl/h. By 
operating the stack in a way conducive to rehumidification, this could be lowered to 
roughly 5.5 Nl/h. Subsequent drying out of the stack raised the leakage rate to 7 to 8 Nl/h.  
 
 
3.5 Temperature Profile of the Stack 

 
 Temperature is an important parameter in the operation of the fuel cell stack. As 
is well known, the conductivity of the proton-exchange membrane tends to increase with 
temperature. In our stack, however, this effect is relatively minor in comparison with the 
role of temperature in convection and membrane humidification. The free convection 
stack depends on a density gradient in the cathode air channels to establish a convection 
current that transports oxygen to the reaction sites. The principal cause of this density 
gradient is heat transferred from the stack to the air; mass transport of water vapour and 
oxygen are also involved, as discussed below. In general, the overpotential that can be 
attributed to limited oxygen transport to the cathode far exceeds the overpotential due to 
the membrane conductivity. In addition, temperature strongly affects the rate of water 
evaporation from the membranes, and thus influences membrane humidification and 
conductivity. 

The temperature of the stack, when operating, is not uniform. The most easily 
measured temperature gradient is that which extends along the axis of the stack, i.e., the 
gradient from one end of the stack to the other (Lab book 2, p. 24). The stack is warmest 
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slightly to the left of the centre of the stack. The cells near the left hand end of the stack 
are warmer than those on the right (e.g., Lab book 3, p. 56). In flow-through mode with 
hydrogen flow from the left, the difference between the coldest and the warmest cell is 
roughly 25 to 30 % of the difference between the hottest cell and the ambient air (all 
temperatures measured at steady-state). With flow from right, this difference is larger, as 
noted in the previous section. 
 It would be advantageous if all cells were at the same temperature, for several 
reasons. First, since the cells are connected in series electrically, the same current flows 
through all the cells, and thus all the cells have the same oxygen requirement. A cooler 
cell will have lower convection currents and supply less oxygen to the cell, depressing 
the voltage. Second, differences in temperature from one cell to the next will tend to lead 
to differences in the state of membrane humidification. It is difficult to deal with 
membrane humidification on a cell-by-cell basis.  
 Originally we thought that the temperature gradient along the axis of the stack 
was caused by heat losses through the end-plates. In an effort to reduce this gradient, the 
stack was fitted with insulated caps that covered its end-plates. These caps were 
constructed of closed-cell foam roughly 1 cm thick. The 8 bolts that held the stack 
together and the hydrogen inlet and exit tubes were accommodated by holes in the 
insulation. 
 The end-caps had surprisingly little effect (Lab book 3, p.6). While they may have 
reduced heat loss through the end-plates, they did not eliminate it and did nothing to 
reduce the heat capacity of the end-plates. The cells near the ends of the stack remained 
cooler than the cells at the centre. When currents were low, and the stack was cooling, the 
end plates cooled more slowly with the insulated caps than without, but the temperature 
gradient remained significant.  
 In addition to the temperature gradient along the axis of the stack, there are 
temperature variations at different points of a given cell (Lab book 2, p. 23). Since these 
will be similar from one cell to the next, they were not investigated.  
 
 
3.6 Enhancing Free Convection and Experiments with Forced Convection 

 
 Since the reaction at the cathode occurs much more slowly than that at the anode, 
oxygen transport to the cathode is a key determinant of stack performance. In a free 
convection stack, there is no direct control over oxygen transport to the cathode, and 
under certain conditions it can be problematic. Most problems arise when the density 
gradient in the air in the cathode channel is insufficient to sustain the convection current 
required to transport oxygen to the reaction sites. This occurs when the stack is at nearly 
the same temperature as its surroundings (i.e., at start up); when the current suddenly 
rises, and the temperature of the stack takes some time to warm to the temperature at 
which convection is adequate; and at high currents, when the temperature required for 
adequate convection would be so high as to dry out the membrane or even cause damage. 
 There are other problems related to convection, as well. In our stack, it appeared 
that molecular hydrogen in some way migrated to the cathode reaction sites, as discussed 
above. A convection current was required to flush this from the cathode air channels; 
otherwise, the molecular hydrogen competed with protons for reaction sites. In addition, 
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the relatively weak currents caused by free convection were susceptible to disturbance by 
movement in the air around the stack. For example, closing the door to the laboratory 
would result in a spike in the stack voltage. Certain cells, especially those near the end 
plates, appeared to generate weaker convection currents than other cells, as evidenced by 
depressed, unstable voltages. This may be attributed to differences in temperature (see 
above), but also may be due to the interaction of adjacent air streams as they enter and 
emerge from the cathode air channels, or due to the disturbances in the air stream caused 
by the end plate, which protrudes above and below the stack. Another problem, discussed 
below, was the dry out of the membranes when the current was suddenly reduced: the hot 
stack generated strong convection flows that led to rapid evaporation; meanwhile, water 
was not being generated at the cathode at a sufficient rate to make up the losses. 
 We addressed these problems in two ways. First, we built a "shroud", or 
cardboard chimney, about 14 cm high, that fit over the stack convection channels. The 
shroud had two parallel walls and two walls that slanted inwards, thus constricting the 
upward flow. The constriction led to a square opening at the top of the shroud. Second, 
we operated the stack with a small fan, which we mounted over the square opening at the 
top of the shroud. 
 The extent by which the shroud improved the performance of the stack was 
surprising (Lab book 3, p. 11). It made the stack much less susceptible to disturbances in 
the air around the stack. More importantly, it led to demonstrably stronger convection 
currents: when operating the stack in such a way that the convection current was near the 
limit of what was required for the reaction, placing the shroud on the stack reliably 
stabilized and raised stack voltages; removing it again caused the voltages to drop and 
become less stable. Other evidence of the improvement realized with the shroud was that 
the stack temperature fell faster with the shroud on than off (Lab book 3, p. 23). This is 
consistent with higher convection rates. 
 Using forced convection (i.e., from a fan mounted on the shroud, drawing air 
upward through the cathode air channels) led to significant improvements in stack 
performance (Lab book 2, p. 77)—at least until the higher air flows led to membrane dry 
out (to be discussed later). The improvement was evidenced in several ways: voltages 
under load were higher; it was possible to operate the stack from start-up at relatively 
high currents, even in dead-ended mode (this was not possible without the fan); and much 
higher maximum currents were achievable.  
 The fan used was a Panasonic Panaflo FBA06T12L, measuring 60mm by 60mm 
by 15 mm thick. Its maximum airflow was rated at 0.34 m3 per minute; its nominal speed 
was 3200 rpm; its rated input power was 1.06 W. An Amrel programmable power supply 
powered the fan. We set its voltage to 13.8V and varied the current; in this way we could 
adjust the fan speed. The fan was clearly more powerful than required for all but the 
highest currents. For example, with the fan current set to 0.03 A (i.e., input power of 0.4 
W), the stack was able to operate at 10.45V (i.e., an average of 0.61 V per cell) and 4.47 
A (i.e., an average of 179 mA/cm2), for a power of 46.7 W. The lowest cell voltage 
during this test was 0.5V, so higher power operation would have been possible (Lab book 
3, p.19). This was the minimum fan speed—the fan would cease operation at currents 
lower than 0.03A. 
 We conducted one test to confirm that the higher power output associated with 
forced convection resulted from lowering the overpotential associated with the cathode 
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and not from utilization of more hydrogen (Lab book 3, p. 13). Indeed, we found that 
efficiency, as gauged by the ratio of electricity out to hydrogen in, increased with higher 
fan speeds (once again, as long as the membranes remained humidified). 
 With the fan on, net power generally increased, even at relatively low power. That 
is, the output of the stack, minus the power consumed by the fan, was greater with the fan 
on than with the fan off (Lab book 3, p. 13). It is difficult to specify exactly conditions 
for which the net power with the fan on equals that with the fan off, since it is in large 
part determined by the temperature of the stack. With the stack relatively cool, free 
convection will be weak, and overpotentials will be high, so operating with the fan will 
generate significantly more net power. With time, however, the stack will warm up and 
convection currents will strengthen, decreasing the net improvement with the fan. 
 Most tests were conducted with the fan drawing air up through the stack, that is, 
aiding free convection. We speculated that this would perform better than blowing air 
downwards through the cathode air channels, since the free convection air current would 
oppose the forced convection flow. We tested this by operating the stack with the fan 
alternating between blowing downwards and drawing air upwards (Lab book 3, p. 15); 
the fan current was 0.04 A, which was close to its stall current. The load was left on 
throughout the test, and power output was around 30 W. The stack was near ambient air 
temperature at the beginning of the test, and warmed up during the test. Thus, we 
expected free convection to strengthen during the test and to see voltages during 
downward blowing to deteriorate. In fact, we found little difference between upward and 
downward forced convection (with the exception of one matter involving humidification; 
see below). On two occasions the voltage seemed unstable with the fan blowing 
downwards; this was likely due to turbulence in the air underneath the stack. The 
temperatures at the centre of the stack went as high as 53ºC during the test. When 
switching from downward to upward flow, or vice-versa, there was a momentary drop in 
voltage, but this is not surprising considering that since the air flow in the cathode 
channels changed direction, at some instant it must have been essentially still.  
 No serious attempt was made to optimize the design of the shroud; it is largely 
arbitrary. It was built in two versions, however, with the second version fitting much 
more snugly onto the stack; the original version had a gap of about 1 cm between the top 
of the end-plates and the bottom of the shroud. The second version performed much 
better than the first, so it appears that the shroud should "seal" well around the cathode air 
channels (Lab book 3, p. 19). This was especially true when the fan was being used with 
the shroud; we hypothesized that much of the fan air flow was escaping from the gaps 
around the original version of the shroud. 
 We did not build a shroud which could be placed under the stack in order to shield 
the inlet flows to the cathode air channels. We did observe, however, that even with the 
shroud on top of the stack, air disturbances under the stack resulted in voltage 
fluctuations. From this it would seem that a shroud under the stack might be beneficial.  
 It was our intention at the outset of this project to investigate very simple stack 
systems utilising the minimum number of components; incorporating a fan into the 
system was a deviation from this philosophy. Yet the considerable advantages of the fan 
appear to outweigh its disadvantages of added weight (50 grams for this fan, smaller ones 
available), added cost (roughly 100 to 200 FIM), and reduced system reliability (although 
it incorporates moving parts, its operating lifetime exceeds 30,000 hours). Without the 
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fan, maximum power output is much diminished, accommodating a rapid increase in load 
will involve waiting for the stack to warm up, efficiency is lower, and operation is 
possible only with the cathode air channels oriented vertically.  
 
 
3.7 Experimental Investigations in Stack Cooling 

 
 The stack generates about 1 Watt of heat for every 0.7 Watts of electricity; as a 
result, it has a tendency to heat up. Even under moderate loads, the stack soon rises to 
temperatures well in excess of 50ºC. With temperature such an important determinant of 
stack performance, one needs some sort of control over stack temperature. In simple 
stack systems, the obvious control is a cooling fan. We investigated the efficacy of the 
fan in various configurations. We compared these configurations by determining the 
maximum power output at which the maximum temperature of any cell in the stack 
would not exceed a certain level—which we chose, somewhat arbitrarily, to be 34ºC, 
37ºC, or 40ºC, with an ambient air temperature of 22 to 24ºC (see Lab book 3, p. 28, 35, 
37, 56, and 63).  
 We compared four fan configurations: no fan, a fan mounted on the shroud as 
described in the previous section, a fan drawing air past the side of the stack through a 
cooling housing, and a fan blowing directly onto the side of the stack; the latter two 
configurations are shown in Figure 3. With the fan mounted in the cooling housing, tests 
were run with the fan both drawing air upwards and blowing it downwards. Note that 
never was more than one fan used at a time; that is, only one side of the stack was being 
cooled by the fan. 
 

5.7 or 2.0 cm

   
Figure 3 Two Cooling Fan Configurations: fan drawing air past side of stack 

through a "cooling housing" and fan blowing directly on side of stack.  
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 Results are shown in Table 3. The values given in the table are the maximum 
steady-state power at which the maximum temperature measured in the stack would not 
exceed the specified limit. The values are very approximate, due to a number of 
complications. Perhaps the most significant complication is that the state of the 
humidification of the stack appears to have a considerable impact on the rate of heat loss 
or gain (see Lab book 3, p. 43), possibly because 1) hydrogen crossover appears to be 
related to membrane humidification (see above), 2) cell voltage, and therefore efficiency, 
varies with membrane humidification, and 3) evaporative heat losses will vary with 
humidification. Since it is difficult to measure or control the exact state of membrane 
humidification, the values in the table are somewhat uncertain. Another complication was 
that with the cooling fan on, the air flow into the cathode air channels was disturbed. This 
led to depressed and unstable voltages. We tried to shield the inlets to the cathode air 
channels with a piece of paper, but this was not entirely effective. 
 

Cathode Air Channels Cooling Fan T<34ºC T<37ºC T<40ºC 

free convection, no shroud cooling housing off, no fan ~7W ~10W ~14W 

free convection, shroud on cooling housing on, no fan 4 to 7W ~7W ~12W 

free convection, shroud on blowing down through 
cooling housing, Ifan=0.13A 

14 to 
16 W 

~18 W  

free convection, shroud on drawing air up through 
cooling housing, Ifan=0.13A 

 ~16 W  

free convection, shroud on blowing down through 
cooling housing, Ifan=0.03A 

 7 to   
11 W 

 

fan in shroud drawing air 
upward, Ifan=0.03A 

cooling housing on, no fan  16 to 
18 W 

 

fan in shroud drawing air 
upward, Ifan=0.03A 

cooling housing off, no fan ~15 W 16 to 
18 W 

 

fan in shroud drawing air 
upward, Ifan=0.08 to 0.13A 

cooling housing off, no fan ~42 W 44 to 
47 W 

~48 W 

free convection, shroud on blowing onto side of stack 
from 5.7 cm away, 
Ifan=0.13A  

12 to 
15 W 

  

free convection, shroud on blowing onto side of stack 
from 2.0 cm away, 
Ifan=0.13A 

~13 W   

Table 3 Maximum Power at Which Maximum Stack Temperature did not Exceed 

34, 37 or 40ºC for Various Fan Configurations 

 
 Despite the approximate nature of these results, some conclusions can be drawn: 
1) If no cooling fan is used and it is desired to maintain the temperature below, say, 

40ºC when the ambient temperature is 22ºC, the maximum power drawn from this 
stack will be roughly 14W, or about 25% of its rated power.  

2) A cooling fan is most effective when used for forced convection in the cathode air 
channels. For example, roughly the same cooling effect is achieved with the fan 
operating at its minimum speed and current (0.03A) in the cathode air channels as 
with the maximum fan speed and current (0.13A) when the fan is blowing onto the 



 25

side of the stack. Unfortunately, using the cathode air channels for cooling intricately 
couples the problems of cooling and membrane humidification. 

3) Blowing air onto the side of the stack and drawing it by the side of the stack in the 
cooling housing have roughly the same cooling effect. 

4) The distance of the fan from the side of the stack, when blowing directly onto the side 
of the stack, is not critical. 

 
 
3.8 Observations Relating to Membrane Humidification 

 
 Many of the key problems in PEM fuel cell research relate to the humidification 
of the membrane. A well humidified membrane is essential for good proton transport; on 
the other hand, liquid water at the cathode should be kept to a minimum so that reaction 
sites are not obstructed. In our experimental work, the influence of membrane 
humidification on stack performance was often observed. 
 In a hydrogen PEM fuel cell, for every 2 electrons that flow through the external 
circuit, 1 molecule of water is generated at the cathode. This water may either escape into 
the cathode air stream as water vapour, or remain in the membrane. In the latter case, it 
will be subject to a water concentration gradient, which will engender diffusion of water 
through the membrane to the anode: water is plentiful at the cathode but scarce at the 
anode, from where it is transported by vaporization into the hydrogen gas stream or by 
electro-osmotic drag. In electro-osmotic drag, protons associate themselves with a 
number of water molecules and "drag" these water molecules across the membrane to the 
cathode.   
 The problem of membrane humidification is challenging for any PEM stack, but 
especially difficult in free convection stacks without reactant gas humidification. Gas 
streams remove water from the membrane whenever the partial pressure of water vapour 
in the gas stream is exceeded by the saturation vapour pressure of water at the 
temperature of the stack. Without reactant gas stream humidification, the humidity will 
tend to be much lower (and thus more water may be lost) and, more importantly, the 
humidity of the air stream will be unknown and uncontrolled.  

When the air in the cathode flow field channels is under even slight pressure, e.g., 
as from an air pump or compressor, the air flow can be used to push excess water out of 
the stack. With a free convection stack, or even a stack using a fan for forced convection, 
the air flow does not exert sufficient pressure to drive excess water out of the cathode 
flow field channels.  

Reactant gas humidification and forced flow in the cathode channels can, in 
theory at least, be used to maintain a certain level of water within the membrane; in 
contrast, a free convection stack without reactant gas humidification will always be either 
drying out or accumulating excess water, depending on the operating conditions. Indeed, 
it would be a rather remarkable coincidence if the operating conditions just happened to 
match water generation to water loss perfectly! 
 The key operating parameters affecting membrane humidification in a given stack 
are, in no particular order: 
1) Current: Water generation at the cathode will be directly related to the current. In 

addition, the electro-osmotic drag will be related to the current. 
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2) Air flow rate: Higher flow rates in the cathode air channels will enhance evaporative 
water loss. 

3) Temperature: Higher temperatures lead to higher rates of evaporative water loss. 
Higher temperatures also enhance the density gradient sustaining free convection in 
the cathode air stream, leading to higher water loss.  

4) Hydrogen gas flow rate: Water will evaporate into the anode gas stream until it has 
become saturated; higher gas flow rates will result in higher water losses. 

5) Air stream humidity: The humidity of the air stream entering the cathode channels 
plays a (minor) role in the evaporative water loss. 

6) Pressure: Some reports in the literature suggest that holding the cathode pressure 
higher than the anode enhances the diffusion of water to the anode; other papers 
discount or ignore this possibility. 

 
The problem of excess water accumulating in the cathode air channels (flooding) 

was observed frequently (Lab book 2, p. 47). Water had to be blown out of the cathode 
air channels by exhaling briefly and forcefully onto the top of the stack, so as to create a 
blast of air. The threads in the BCS stack, which we assume are wicks, are ineffective in 
removing excess liquid water.  

The stack will tend to accumulate liquid water whenever its operating temperature 
is fairly low (below approximately 40ºC) and air flow is due to free convection only (Lab 
book 3, p. 21). The time required before cells flood is related to the current. Flooding was 
observed after about 1.5 hours of operating the stack at a current of 0.85 A, for example 
(Lab book 3, p. 63).  

Some cells appear more susceptible to flooding than others. In particular, cells 4, 
6, and 16 frequently flooded (Lab book 2, p. 47). This could not be explained by 
differences observed in the plates or the cathode air channels, so we assume that this 
susceptibility to flooding is a property of the membrane.  
 Dry-out of the membranes was principally observed when the fan was blowing air 
through the cathode air channels (Lab book 3, p. 1, 6, 13, 21).  After a short period of 
operation with the fan, the voltage of certain cells would drop gradually. This could not 
be attributed to temperature, which would be largely unchanged, or flooding, since there 
was no excess water in the stack. By turning the fan off or on, cell voltages could be 
nudged upwards or downwards (i.e., beyond the nearly instantaneously change in voltage 
that is caused by better oxygen transport to the cathode).  
 Some cells appear more susceptible to dry out than others, notably 6, 14, and 16 
(see Lab book 3, p. 28). It is interesting that at least some of the cells that tend to flood 
also have a tendency to dry out, obviously under different operating conditions.  

Hydrogen flow was also responsible for drying out cells near the inlet end of the 
stack (Lab book 3, p. 3, 17). By switching the gas flow from one end to the other, the 
voltage of the first one or two cells at the ends of the stack could be nudged up or down. 
This may be especially pronounced in the BCS stack since the hydrogen flow channels of 
the stack's plates are connected in "series". A common inlet manifold might reduce this 
problem. Note that the end cells of the BCS stack always seemed weaker than cells nearer 
the center. 

We often observed that the inlet end of the stack was cooler than the exit end of 
the stack. We speculated that this reflected the heat lost from the stack in warming the 
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cool hydrogen gas. As will be seen in a subsequent section, the specific heat of hydrogen 
is so low that this is an unlikely explanation. But our observation that hydrogen flow 
causes dryout at the inlet end suggests that the heat loss we attributed to cool hydrogen 
gas may in fact be the heat required to evaporate water into the hydrogen stream. 
 Not only does the hydrogen flow exacerbate dry-out near the stack inlet, but it 
may worsen flooding in cells near the exit end. The hydrogen gas flow picks up moisture 
as it progresses through the stack. At reasonably low flow rates, it will become saturated. 
Near the exit end of the stack, the temperature drops, and water will tend to condense on 
the anodes. We did see evidence of greater water accumulation at cells far from the inlet 
end of the flow, but we can not be certain whether this was due to this mechanism (Lab 
book 2, p. 53). 

Fan operation tended to be associated with high currents—and therefore high 
stack temperatures. It may be possible that at lower temperatures the fan could be used 
without causing dryout. In one test with the fan on we started with the stack "cold" and 
saw performance improve after several minutes, at which point the stack had warmed 
about 5ºC (Lab book 3, p. 8). During this time, voltage under load rose. An explanation 
for this observation would be that the stack was dry at the beginning of the test, and 
began to humidify in the first few minutes of operation. The rise in stack temperature 
during this period was quite small and the improvement in performance quite large, so it 
seems unlikely that this was due to temperature. This suggests that 1) at low 
temperatures, membrane humidification can occur with the fan on, and 2) start-up with 
the stack dry may be challenging in a practical fuel-cell system—perhaps a battery will 
be required to supply current during the warm-up and humidification period.  
 It appears that humidification may be affected by whether the fan blows air down 
into the cathode air channels or draws it up through the channels. In one test, we observed 
that one cell seemed to dry out when blowing downwards and rehumidify when drawing 
air upwards (Lab book 3, p. 15). There are two reasonable explanations for this. First, it 
could be that when blowing downwards, the air flow rate in this cell, which was at the 
very end of the stack, was higher than when drawing air upwards. Second, it could be that 
when drawing air upwards, the liquid water that accumulates at the bottom of the cathode 
humidifies the inlet stream and keeps the top of the cathode from drying out, whereas 
with downwards flow the dry-out of the top of the stack is exacerbated. If true, this latter 
hypothesis has important implications for stack design. 
 Dry out can also occur in free convection mode when stack temperatures are high 
and the stack power is low. For example, in one test without the fan, the load was 
dropped to 16.9 ohms after a period of operation at 3.3, 2.3 and 7.2 ohms (Lab book 3, p. 
21). The stack temperature was initially 43 to 51ºC, which is well above the stack's 
steady-state temperature when operating at 16.9 ohms. After some time operating at 16.9 
ohms, several cells appeared to have dried out; normally operating at this load would 
humidify the cells. We speculate that the convection currents were strong due to the high 
temperature, the water losses were large, and the water generation at the cathode was low 
due to the low current. 
 It is possible for a cell to simultaneously dry out and flood. With high currents, 
water generation at the cathode will be high. If the stack temperature is low, this will tend 
to cause flooding. Cells near the inlet end of the stack will lose much water by 
evaporation into the anode gas stream, thus drying out the anode. Such a cell will show 
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the gradual decline in cell voltages characteristic of cell dry-out, but it will be possible to 
blow liquid water from the cell. Shutting off both the current and the gas flow is the 
quickest way to rehumidify such a cell. This eliminates the electro-osmotic drag that 
opposes diffusion from the cathode to the anode and reduces evaporative water loss into 
the gas stream. Doing only one of these measures will be far less effective (Lab book 3, 
p. 3).  
 The fan can be used to dryout a cell that is flooding (Lab book 3, p. 43). 
Unfortunately, this will tend to dry out the other cells in the stack at the same time. This 
underlines the central problem of using a fan to control stack humidification: different 
cells will be in different states of humidification, but the fan will affect each cell's 
humidification in the same way.  
 
 
 

4 MODELLING OF STACK THERMAL AND WATER TRANSPORT 

PROCESSES 
 
4.1 Introduction 

 
 Experiments dealing with stack temperature and membrane humidification 
revealed a strong link between the two (see previous section). In order to investigate this 
link more thoroughly, we examined stack thermal and water transport processes in more 
detail. 
 The significance of the link between temperature and humidification is revealed 
by a graph of the vapour pressure of water as a function of temperature, Figure 4 (see Lab 
book 3, p. 48). The vapour pressure of water is the partial pressure of water vapour at 
which the rate of evaporation from the surface of liquid water will equal the rate at which 
gaseous water vapour molecules impinge on the surface and are retained as liquid. In a 
sample of air saturated with water vapour, i.e., a sample of air for which this equilibrium 
has been reached, the number of moles of water will be directly proportional to the 
vapour pressure.  

In terms of a stack, the cathode is the surface of liquid water. Air that resides in 
the cathode air channels sufficiently long will become saturated with water vapour. The 
loss of water from the cathode will be related to the difference in the humidity of the air 
entering the cathode air channels, which is bounded by the vapour pressure at the ambient 
air temperature, and the humidity of the air exiting the cathode, which is bounded by the 
vapour pressure at the exit air temperature. It is reasonable to assume that since the stack 
cathode air channels have a fairly large surface area and the air flow rate under free 
convection is fairly low, the exit air will be near at the stack temperature and will be near 
saturation.  

Since the vapour pressure rises so quickly with temperature, a fairly small rise in 
temperature results in a significant increase in the rate of water loss from the cathode. 
This supports our observation that higher temperatures quickly lead to membrane dry-out. 
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Figure 4 Vapour Pressure of Water
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Figure 5 Water Loss at Various Stack Temperatures and Airflow Rates
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The manufacturer of our stack contends that the operating requirement for self-
humidified operation is that the air stoichiometry be kept below 2 [Dhar, 1999]. 
Examining Figure 4, this seems unlikely: the temperature will dictate the stoichiometry at 
which membrane dry-out will occur, as seen in Figure 5. The water loss from the stack is 
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plotted against the air stoichiometric rate at various temperatures, assuming dry air in and 
fully developed flow (thermally and in terms of water vapour) at the cathode exit 
channels—a worst-case scenario for water loss. The rate of water generation by the 
cathodic reaction is also shown. Self-humidified operation is possible only when the rate 
of generation exceeds the rate of water loss. The graph shows, for example, that an air 
stoichiometric rate of 2 permits operation at stack temperatures up to roughly 60 ºC; 
operation at much higher stoichiometries is possible at lower temperatures. 
 
 
4.2 Heat and Mass Transfer Considerations 

 
In order to say more about the operating conditions which permit self-humidified 
operation, a model of the stack's thermal and mass transport processes is needed. We 
developed such a model, assuming that the stack was isothermal and could be treated as 
single node. Initially our intention was to determine the maximum size of the stack given 
a power density and desired operating temperature, and thus we used the heat transfer 
relations that maximized the rate of heat loss. Our model (see Lab book 3, page 52) 
included: 
1) Heat generation due to the principal reaction, i.e., the reaction of H2 and O2. 
2) Cooling by evaporation of product water. Initially we assumed that all product water 

was lost by evaporation, i.e., that water generation and evaporation in the cathode 
channels was in equilibrium or that dry-out was occurring. 

3) Cooling of the stack by the inflow of hydrogen at ambient air temperature. 
4) Cooling by radiation. We considered the stack to be a small object in an infinitely 

large environment at the ambient air temperature; i.e., we did not consider heat being 
reradiated back to the stack from the environment.  

5) Convection from the stack's vertical surfaces. 
6) The possibility of using a metal-hydride as a heat sink. Desorbing hydrogen from the 

metal-hydride involves an endothermic reaction requiring roughly 30 kJ per mole of 
H2. A cleverly-designed thermal management system could use this to extract heat 
from the stack. 

7) Convection from the stack's top (horizontal) surface. The cathode air channels that 
perforate the surface were ignored. We also ignored the convection from the stack's 
bottom surface, since we felt that it was unrealistic to treat this as an unperforated 
surface. 

8) Free convection within the cathode air channels. This proved to be the most difficult 
to model, and is discussed further below.  

 
Free convection in the cathode air channels is caused by gravity acting on a 

density gradient in the air. In our first attempts to model this, we assumed that this 
density gradient was solely due to warming of the air in the cathode air channels—the 
usual cause of free convection. We used a relation developed by Dyer [Dyer, 1978] and 
given by Raithby and Hollands [Raithby, 1987]. 

We found that the model could not accurately predict the measure temperature of 
our BCS stack (Lab book 3, p. 57). Careful examination of the each of the parts of the 
model suggested that Dyer's relation underestimated the free convection heat transfer in 
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the cathode air channels. Consulting the original reference [Dyer, 1978], we noted that 
the relation was developed for flow in ducts having a cross-sectional area two orders of 
magnitude larger than the BCS air channels. We suspected that perhaps the relation broke 
down with such small cathodes.  

To determine whether this was the case, we built a small test rig consisting of two 
BCS flow-field plates, separated by a piece of paper, and surrounded on the sides by 
blocks of extruded polystyrene insulation 3 to 4 cm thick. High power resisters were 
embedded in the blocks and used to heat the flow field plates. A thermocouple measured 
the temperature of the plates. We intended to measure the heat loss due to convection by 
measuring the power required to sustain a constant temperature (Lab book 3, p. 64). 

Our rig ultimately proved inadequate. The rig suggested a rate of heat transfer 
from the plates far in excess of that suggested by [Dyer, 1978], and even by the 
measurements on the BCS stack. It turned out that our heat loss was not principally due 
to convection, as we had assumed: sealing off the convection channels at the top and 
bottom generated an even higher rate of heat loss.  
 Upon re-examination of our problem following this failed experiment, we realized 
that our error was to attribute the density gradient in the cathode air channels to warming 
only, when water vapour transfer from the cathode also played a role. Water vapour has a 
molecular mass of 18 grams per mole, and dry air roughly 28 grams per mole, so every 
molecule of water evaporating from the cathode displaced heavier dry air in the cathode 
and enhanced the density gradient.  
 Searching the literature, we found a study by Lee of a heat and mass transfer 
problem closely approximating the one in our cathode [Lee, 1999]. In Lee's square ducts, 
3 walls are dry and adiabatic, and one has either an isothermal/uniform concentration 
boundary condition or a uniform heat and mass flux boundary condition. Our cathodes 
can be idealized as having one wall with an isothermal/uniform concentration boundary 
condition and three dry, isothermal walls. 
 While this discrepancy in assumed boundary conditions prevented us from 
applying Lee's heat and mass transfer relation universally, careful examination of Lee's 
derivation shows that we can use it without much error in certain circumstances. While 
Lee uses numerical methods to solve his problem, he also develops a closed-form 
solution for the problem with fully developed flows and the isothermal/uniform 
concentration boundary condition. In this development, he never needs to apply the 
boundary condition at the three adiabatic wall. Therefore, the solution is valid also for our 
case of all walls being isothermal when the flow is fully developed (thermally and in 
terms of water vapour concentration). It turns out that the flow is fully developed for the 
BCS stack flow field plates, and other plates having a very small duct width compared to 
their length. When flow is not fully developed, however, the Lee relation will 
underestimate the heat transfer from the duct.  
 We compared the Lee and Dyer relations with Elenbaas' widely cited heat transfer 
relation for parallel plates [Incropera, 1996, p. 506] and another relation given by Raithby 
and Hollands, similar to Dyer's relation, but for parallel plates [Raithby, 1987]. The 
results were encouraging, as seen in Figure 6: Lee's relation for fully developed flow in a 
dry square duct closely matched the Dyer relation; Raithby and Hollands' relation for 
parallel plates closely matched Elenbaas'; and Lee's relation for fully developed flow in 
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square ducts, this time accounting for heat and mass transfer, was squarely between the 
two. 

Figure 6 Stack Convection Heat Losses through Cathode Air Channels, Various Relations
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We also investigated how the humidity of the inlet air—which is an unknown in 
our case—affects the convection heat transfer, with further encouraging results. At an 
ambient air temperature of 21ºC, it matters little whether the inlet air is fully saturated or 
perfectly dry, as shown in Figure 6. Note, however, that this does not consider the effect 
of inlet air humidity on heat transfer due to product water evaporation.  
 In time, we realized that the restriction of fully developed flow was not the only 
limitation of the Lee relation. The density gradient in the cathode air channels results not 
just from heat transfer and water vapour transport, but also from the transport of 
molecular oxygen out of the air stream and onto the cathode reaction sites, where it 
reacts. Since the molecular weight of O2 is 32 grams per mole and that of dry air is a little 
over 28 grams per mole, reducing the partial pressure of oxygen in the air enhances the 
density gradient. The Lee relation can not model this, however, for three reasons: 
1) It accounts for heat transfer plus the transport of only one species. 
2) It assumes that species are transferred from the cathode to the air stream, not vice-

versa. 
3) While the heat transfer and water vapour transport involves an isothermal/uniform 

wall concentration boundary condition, oxygen transport to the cathode is best 
modeled by a uniform mass flux. The two boundary conditions can not be applied 
simultaneously in the Lee relation. 

 
To pursue this matter further demands a numerical approach accounting for heat 

transfer and water vapour and oxygen transport. This could not be conducted in the time 
available for this study. It would, however, be an interesting, challenging, and original 
study that could yield some significant results in terms of free convection cathode air 
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channel design and the implications for stack design. In the meantime, the Lee relation 
has been used to determine some approximate results. 
A numerical analysis could be extended to account for the interaction of the entrance and 
exit flows in adjacent cathode air channels. Here we have considered the air channels as 
vertical ducts in isolation. In fact, they are an array of closely packed ducts, and flow into 
and out of a duct will be influenced by neighboring ducts. Some studies that such 
interactions can enhance heat transfer in adjacent parallel plate ducts by up to 18% 
[Floryan, 1995] and [Shahin, 1999]; these are at much higher Grashof numbers than the 
ones achieved in our stack, however. In any case, a numerical approach that permitted the 
modeling of the heat loss by convection from the underside of the stack would be a 
significant improvement. 

Figure 7 Equilibrium Stack Temperature, Experimental and Modelled
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4.3 Modeling Results 

 
4.3.1 Comparison with the BCS Stack 

 
 As a check of the validity of our heat transfer relations, we used them to model 
our BCS stack (Lab book 3, p. 56, 57, 63, and 72). We operated the BCS stack until it 
was in thermal equilibrium with its environment, then measured the temperature of the 
stack, the power generated by the stack, and the mass of liquid water lost from the stack 
through leakage from the cathode air channels. We operated the stack in flow-through 
mode, with just enough flow to sustain the reactions and make up for leakage in the 
stack; this minimized the pressure in the stack and kept the hydrogen leakage low.  
 The results are shown in Figure 7. The cell number is shown on the horizontal 
axis, the temperature on the vertical. The straight, horizontal traces are the modeled 
temperature (a constant, since a single node is used), and the curved traces show the 
measured temperature. The water loss from the stack has been calculated from relations 
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given by Lee [Lee, 1999]. The gas flows through the stack from the left, except for the 
30.5W case, for which it is from the right; note that it shows a significantly different 
temperature profile. The model tends to overestimate the stack temperature, especially at 
low power. Possible reasons for this are: 
1) Not accounting for the role of oxygen transport in free convection. 
2) Inaccurate accounting for heating due to crossover. 
3) Underestimating the evaporation of water from the stack. 
Nevertheless, the modeled temperature generally agrees with the average measured 
temperature to within 3 or 4ºC. 
 

Figure 8 Stack Temperature versus Power
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4.3.2 Stack Temperature and Dry-Out Modeling 

 
 A stack thermal model is useful in that it can predict the stack operating 
temperature and membrane humidification tendency (i.e., whether the stack is 
accumulating water or drying out) for a given stack design and operating condition. This 
is shown in Figure 8 for two stacks, one with 14 Watts nominal power and the other 78 
Watts nominal power. The stack was assumed to have BCS plates, 0.5 cm thick, 8 cm by 
8 cm, with a MEA area of 25 cm2.  The 14 Watt stack consisted of 4 cells and the 78 
Watt stack of 22 cells. The end-plates were assumed to be the same size as the flow field 
plates. The IV curve of the BCS membrane operating with air at 1 atm and 60ºC was 
taken from [Dhar, 1999] and used to determine the power from the operating voltage and 
current; these were also used to calculate the heat generation. To investigate the effect of 
voltage on the stack, two other IV curves were calculated from the nominal IV curve; in 
these curves the voltage was reduced in proportion to the current. For example, for the 
"worst" IV curve, the voltage at the maximum current (7.75 A for the 25 cm2 MEA) was 
0.25 V per cell, whereas in the nominal IV curve it was 0.44 V per cell. The three traces 
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for the 78 W stack correspond to the nominal, moderately derated, and worst IV curves, 
while the two for the 14 W stack correspond to the nominal and worst IV curves. The 
water loss from the cathode air channels are calculated from a relation given by Lee [Lee, 
1999].  
 As expected, the temperature rises with rising power. The 14 Watt stack, having a 
greater ratio of surface area to volume, is cooled more effectively than the 78 W stack. As 
such, it can operate at about 13 W (assuming the nominal IV curve), or 90% of nominal 
power, without drying out. In contrast, the 78 W stack can only achieve 38 W, or less 
than 50% of nominal power, before dryout starts to occur. The operating voltage must be 
kept higher in the larger stack, since lower voltages correspond to less efficient operation 
and higher heat generation. Net membrane water loss starts to occur at temperatures of 
around 60ºC according to this model.  
 The accuracy of the results shown in Figure 8 is limited by the use of the Lee 
relation when, as pointed out earlier, a numerical analysis is required to account for all 
relevant heat and mass transfer processes. Another inaccuracy is the IV curve: the curve 
published in the BCS literature and used in this analysis seems to be significantly better 
than that exhibited by our stack when operating in free convection mode. Indeed, the 
results of Figure 8 ignore the question of whether enough oxygen is transported to the 
cathode, and the extent of concentration polarization. This could be answered to a first 
approximation using the Lee relation, or more accurately using a numerical analysis.  
 
 
4.3.3 The Relative Importance of the Heat Loss Mechanisms 

 
 The model reveals the relative importance of the various heat loss mechanisms. 
Evidently, this will depend on the design and size of the stack. Certain general 
observations can be drawn from some typical cases. Figure 9 and 10 compare the heat 
loss mechanisms for the 14 W and 78 W stack, respectively. 
 The heat losses due to the evaporation of product water and the sensible heat of 
the hydrogen inflow are both largely proportional to the current. The cooling due to 
product water evaporation is one of the most important heat loss mechanisms, and at 
higher power densities and in larger stacks, it will be even more significant. Somewhat 
surprisingly, the heat loss due to the sensible heat of the hydrogen inflow turned out to be 
relatively insignificant. For example, with the hydrogen inflow at 0ºC and the stack at 
100ºC—i.e., an impossibly large difference in temperature—the cooling due to hydrogen 
inflow assuming a stoichiometry of 1 is only 7% that of cooling due to product water 
evaporation. If it had been included here, the cooling possible with a metal-hydride as it 
desorbs hydrogen would also be directly related to the stack current.  
 As a first approximation, the heat losses due to radiation and convection from 
external surfaces are proportional to the square of the nominal stack power while the heat 
loss due to convection in the cathode air channels rises with the cube of the nominal stack 
power. This explains why the latter term is more pronounced in the 78 W stack than the 
14W stack. Still, it remains of minor importance, at least according to the Lee relation 
used presently. 
 In this study we have assumed an emissivity of 0.9 for the stack. This is at the 
upper end of the range for graphite.  
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Figure 9 Comparison of Heat Loss Mechanisms for 14 W Stack
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Figure 10 Comparison of Heat Loss Mechanisms in 78 W Stack
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4.3.4 Size and Shape of Cooling Ducts and Cathode Air Channels 

 
 The heat transfer relations introduced above can be used to investigate the 
possibilities for increasing the rate of heat loss from the stack. For example, the cathode 
air channels can be changed to larger square ducts or ducts of a different shape. In 
addition, vertical cooling channels can be added to the stack. In a comparison of the 
efficacy of these measures, the key yardstick is the heat loss per cross-sectional area of 
the stack (if the height of the stack is considered to be fixed) or the heat loss per volume 
of the stack.  
 Figure 11 shows the heat loss per cross-sectional area for square ducts as a 
function of the width of duct. Note that this is for free convection only. The plot is for an 
ambient temperature of 21ºC and a stack temperature of 36 ºC; other temperatures will 
generate different results, but the trends will be similar. Several important observations 
should be made concerning this figure: 
1) The Lee relation for a 12 cm tall duct, accounting for heat transfer only, closely 

matches the Raithby and Hollands/Dyer relation for heat transfer in a duct of the same 
length for small duct widths, but diverges markedly for ducts larger than 4mm by 
4mm. This is due to the above-mentioned restriction on the application of the Lee 
relation to our problem: it is valid only when the flow is fully developed. Long 
narrow ducts are characterized by low Grashof numbers and fully developed flow; as 
the ratio of duct cross-sectional area to length increases, flow is less fully-developed 
and the Lee relation seriously underestimates the heat loss.  

2) Longer ducts result in higher heat transfer, especially with larger duct widths, but on a 
per volume basis the shorter ducts generate higher heat losses.  

3) Longer ducts achieve maximum heat loss per cross-sectional area with larger ducts.  
4) The cathode air channels in the BCS stack achieve very low heat losses compared 

with what is possible with larger ducts. 
5) With the BCS air channels, the height of the plate essentially makes no difference to 

the heat transfer (at least in an analysis that does not account for the constant flux of 
oxygen out of the air and into the cathode). 

6) Even with ducts of a larger cross-sectional area, the heat losses that are achievable are 
quite small. For example, consider adding a cooling plate to the BCS stack. The 
optimal plate would have vertical channels roughly 1.3 cm wide. The maximum heat 
loss that could be achieved by such a plate would be less than 1.7W when the 
difference between the ambient air temperature and the stack temperature was 15ºC.  

 
While maximizing the heat losses from the stack is generally a good idea, 

especially for larger stacks, it may be counterproductive to do this by enhancing heat 
transfer in the cathode air channels. The motivation for enhancing heat loss is to keep 
stack temperature down and thus ease the problem of membrane dry-out. Larger cathode 
air channels will increase heat losses, but also increase the rate of water loss from the 
cathode. In any case, to achieve significant heat losses through the cathode air channels 
would require much larger channel widths than are currently used; it seems likely that 
such large channels would be impractical and conflict with other requirements of the 
flow-field plate, namely its role as a current collector. On the other hand, the larger ducts 
could be gainfully employed within cooling plates. 
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Figure 11 Heat Loss per Cross-Sectional Area for Square Cooling Ducts of Various Sizes
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Figure 12 Heat Loss Per Cross-Sectional Area* for Different Types of Cooling Channels
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The heat transfer relations can also be used to investigate the optimal shape for 

free convection cooling channels. Figure 12 compares square, triangular, and circular 
ducts with parallel plates. For the 15ºC temperature difference and 12cm high plates 
assumed, triangular ducts achieve marginally higher cooling rates, but require a wider 
cooling plate and have the problem of half-size ducts at the edges. Circular ducts suffer 
from the problem of space wasted between the ducts. The infinite parallel plate achieves 



 39

good heat transfer for narrow cooling plates, but would be impractical in a real stack. 
Overall, the square duct is most attractive.  
 
 
4.3.5 Forced Convection Air Cooling 

 
 From the results presented above it is clear that for existing MEA's to stay 
humidified, stack temperature will need to be controlled for stacks larger than 
approximately 10 to 20 W. This is commonly done by forced convection air cooling: 
every 4th or 5th cell is replaced by a cooling plate, and fans blow air through ducts in the 
plate. This method has a number of advantages: it is simple, and more importantly, it can 
decouple the problems of humidification and temperature. When the cooling channels run 
horizontally across the stack, the fan can be used to cool the stack without drying out the 
cathode air channels. 
 The principal problem with air cooling is the low specific heat capacity of air, 
which is roughly 1 kJ/kgºC, or 0.001 kJ/lºC. Extremely high flow rates are required to 
extract significant heat from the stack. To achieve adequate heat transfer between the 
stack and this flow, a large surface area is needed. The obvious way to create a large 
surface area is to make the diameter of the cooling channels very small. This creates a 
new problem, however: high flow rates through small diameter cooling channels result in 
high fluid velocities. The resistance to flow will be high, and the fan will have to generate 
significant pressures. This will cause the flow through the fan to drop.  
 This problem is illustrated in Figure 13, which shows the approximate heat loss 
per unit of cross sectional area for various cooling ducts as a function of the volume flow 
rate. The heat loss is per ºC temperature difference between the stack and the ambient air. 
The traces have been plotted for flow rates up to those that lead to turbulent flow. 
Circular ducts 1.5mm in diameter achieve significant heat losses, but this is predicated on 
very high fluid velocities. For example, at the transition to turbulent flow, the velocity in 
the duct is roughly 9 m/s. For comparison, the mean fluid velocity through most cooling 
fans is 1 to 2 m/s. It seems impossible that low power cooling fans could force air 
through 12 cm of cooling duct at 9 m/s, or even a fraction of this speed. As expected, 
larger ducts require lower fluid velocities, but also achieve much lower heat transfer. The 
optimal size of these convection cooling channels is beyond the analysis. Figure 13 does 
suggest, however, that a good approach is to use low flow rates and very small channels. 
Whether this is feasible will depend on the flow-pressure characteristics of the fan. 
 Figure 13 suggests that realistic heat losses for forced air cooling will be in the 
range of 500 to 1000 W/m2K. For a stack 10 cm across, this implies 5 to 10 kW/m3K, or 
5 to 10 W/lK. If 20% of the stack cross-sectional area is given over to cooling plates, the 
cooling per litre of stack is roughly 1 to 2 W/K. With the stack at 50ºC when the ambient 
air is 20 ºC, forced air convection will at best achieve 30 to 60 W of cooling per litre of 
stack. For small stacks with low power densities, this may be enough. But a stack of 100 
W having a volume of 1 litre will generate roughly 110 to 140 W of heat; it is unlikely 
that 30 to 60 W of cooling will be sufficient.  
 For bigger stacks with larger cooling requirements, more effective cooling 
systems will be required. One simple approach may be to use water as the cooling fluid in 
a thermosiphon system. The stack would heat water flowing through cooling ducts, 
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leading to a density gradient that would cause the hot water to flow to a cooling radiator, 
located above the stack. The high specific heat of water means that much lower flow rates 
would be required to achieve significant cooling. Unlike with forced convection cooling, 
there would be no moving parts. Of course, the mass of water and the need for a large 
radiator would rule out this approach for most portable systems, but it still could be 
applied to remote stand-alone power systems, where simplicity and reliability is highly 
desirable.   

Figure 13 Forced Air Convection Cooling
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4.3.6 Thermal Management Incorporating the Metal-Hydride Store 

 
 Early in our work we envisioned integrating the metal-hydride store and the fuel 
cell in order usefully transfer heat between the two. The goal of such an integration 
would be 1) to control the pressure of the metal hydride and 2) to use the metal-hydride 
to cool the stack. 
 While the second goal still seems reasonable, the first goal is not entirely realistic. 
The pressure of the metal-hydride is strongly a function of temperature. For example, the 
Hydralloy E60/0 metal hydride operates around 1 atm at 25º but 3 atm at 40ºC. Two 
problems can arise: first, in a hot environment, the metal hydride pressure may be so high 
that it may damage the fuel cell stack membranes. Second, in a cold environment, 
desorption at 1 atm may not be possible, and the system will not operate. To address 
these problems, the metal-hydride can be heated by waste heat from the fuel cell and 
cooled by the heat required to desorb the hydrogen during discharge. 
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 Unfortunately, it is probably not possible to rely on these mechanisms upon start-
up of the stack, since the time required to heat or cool the metal-hydride a significant 
amount will be too long: in the hot environment, the stack will already be damaged, and 
in the cold environment, the stack will have stopped working. For example, consider our 
20 Nl E60/0 metal hydride bottle and our 1 Nm3 C15 metal-hydride bottle (Lab book 3, p. 
26). These probably span the range of metal hydride stores that would be used with a 
small system. The time required to warm or cool these stores 10ºC is shown in Table 4. In 
the case of warming, we assume that all heat from the stack is transferred to the metal-
hydride. In the case of cooling, we assume that no heat is transferred from the 
environment to the metal-hydride.  
 

 To cool MeHx 10ºC To warm MeHx 10ºC 

 20 Nl bottle 1 Nm3 bottle 20 Nl bottle 1 Nm3 bottle 

1 Watt load ~2 h ~67 h ~30 min ~14 h 

10 Watt load ~12 min ~7 h ~3 min ~85 min 

50 Watt load ~2.5 min ~80 min ~0.6 min ~17 min 

Table 4 Time Required to Heat or Cool a Metal-Hydride Store 10ºC 

 
 Integrating the metal-hydride and the stack, such that the former cools the latter 
and the latter warms the former, is a good idea. But it can not replace pressure regulators 
or check valves in the role of pressure control, nor can it permit a metal-hydride to desorb 
at ambient air temperatures much below its 1 atm plateau temperature. Rather, the metal 
hydride should be selected such that it desorbs at 1 atm at the lowest ambient air 
temperature at which the system is expected to operate, and then controls should be used 
to limit overpressures. Then heat transferred from the stack to the metal-hydride will 
ensure that the metal-hydride does not cool below its 1 atm desorption temperature, and 
cool the stack as well. 
 
 
4.3.7 Recommendations for Stack Temperature and Thermal Management 

 
 At this point, a reasonable strategy for a small and simple stack design is the 
following: 
1) Operate the stack at low temperatures, below, say 40ºC, and ensure that cooling is 

sufficient to maintain this temperature. This reflects our belief that flooding is easier 
to solve than membrane dry-out. 

2) Find a wick or a cathode air channel design that will reliably eliminate excess water 
from the cathode. 

3) For stacks under roughly 10 to 15 Watts, a dedicated cooling system is not necessary. 
4) For stacks of roughly 10 to 100 Watts, use fans blowing through horizontal cooling 

plates. 
5) For stacks larger than 100 Watts, consider a water cooling system, possibly using a 

thermosiphon effect. 
6) Use a fan mounted in a shroud for operation at stack start-up and when current 

requirements are high. The convection shroud should seal tightly over the cathode air 
channels. The fan should draw air upwards rather than blow it downwards. 
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7) Put a convection shroud under the stack if windy environments are anticipated.  
8) Hydrogen should flow through an inlet manifold into each cell individually. 
 
 

5 COMPONENTS FOR SMALL FUEL CELL SYSTEMS 
 
The stack sub-group expended considerable time and effort locating components for 
small fuel cell systems. In order that this work not be needlessly duplicated in the future, 
the findings of the sub-group are reported below. 
 
5.1 Small Fuel Cell Stacks 

 
Most of the companies that claim to build fuel cell stacks seem unwilling to sell them. Of 
the remaining, commercial companies, only a handful deal in small PEM stacks: 
 
BCS Technology, Inc. 
2812 Finfeather Road, Bryan, TX 77801 USA    Tel (409) 823-7138  
E-mail: bcstech@txcyber.com   Website: www2.txcyber.com/~bcstech/ 
 
Free convection stacks:  
With 25 cm2 MEA's: 4 cell/10 W (US$750), 10 cell/30 W (US$1395), and 22 cell/70 W 
With 50 cm2 MEA's: 4 cell/20 W, 10 cell/60 W, 18 cell/100 W and 22 cell/150 W 
Forced convection stacks: 
With 64 cm2 MEA's: 18 cell/300 W, 20 cell/350 W, and 30 cell/500 W 
 
BCS sells MEA's as well. 
 
 
DAIS-Analytic 
11552 Prosperous Drive · Odessa, Florida, 33556 USA   Tel. +1-727-375-8484  
E-mail: info@daisanalytic.com   Website: www.dais.net 
 
DAIS's product line seems to change frequently, and their web-site has been slashed to a 
single page which is not too helpful. In the past they have sold free convection stacks in 
the 1 to 25 W range. As of April, 2000, they were selling an 8 Watt free convection stack 
for US$800. They also have forced convection stacks up to 2000 W, MEA's and other 
fuel cell materials for sale. 
 
 
Warsitz Enterprises, Inc. 
P.O. Box 408 San Juan Bautista, California, 95045 USA  Tel: 831-637-8338  

E-mail: h2man@slip.net    Website: www.warsitz.com  
Free convection stacks, advertised as ideal for powering model trains(!), in 3 W 
(US$150), 6 W (US$225), 9 W (US$300), and 10 W (US$330).  They also sell various 
small fuel cell-powered appliances. 
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The following companies do not sell small stacks as far as I can ascertain: 
 
Ballard Power Systems: Only sell to research partners under special agreements. 
H-Power: Smallest stacks appear to be 25 to 35 Watts. 
De Nora: Smallest stack appears to be 700 Watts. 
DCHT: They advertise a 12 W stack, but when I expressed interest in purchasing one, 

they did not write back. Of course, they may be upset with us because we decided 
not to collaborate with them. 

H-TEC Gmbh: They only sell small (< 2 W) educational unit cells. 
Mercorp: Did not respond to e-mail request, so it seems unlikely that they are selling a 

product. 
Avista Labs: Smallest stack appears to be 60 W. 
Energy Partners L.C.: Prototypes with lots of fanfare, maybe they would sell a prototype. 
International Fuel Cells: Smallest stack appears to be 250W. 
Plug Power: It appears that they are interested in home power systems only, and available 

only from 2001. 
Fuel Cell Energy (formerly Energy Research Corp): Appear to deal in very big stacks. 
Hydrogenics: Products available as of 2001, they claim. 
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5.2 Miniature Pressure Regulators 

 
Most sources of hydrogen gas will supply it at relatively high and/or variable 

pressures, while the fuel cell stacks should be operated at relatively low pressures. BCS 
recommends operating their 4 cell, 10 W stack at 0 to 0.14 barg; DAIS recommends 
operating their 8 W stack at 0.27 barg, and warns of damage at higher pressures. There 
are suggestions that well-supported membranes can withstand much higher pressure 
differences, e.g., 8 bar [Blomen, 1993, p. 65] to 70 bar [Appleby, 1989, p.288], but 
having the anode at a higher pressure than the cathode can not help the problem of 
membrane dry out. Furthermore, self-humidified stacks typically use very thin 
membranes in order to heighten the back-diffusion from the cathode to the anode; these 
may be more fragile. Thus, in most conceivable PEM fuel cell systems operating on 
hydrogen gas, a pressure regulator will be required. 
 Pressure regulators are mechanical devices which regulate downstream gas 
pressure [Yeaple, 1990, pp. 400-404]. Typically, the downstream pressure is counteracted 
by a spring on a diaphragm; the spring is connected to a stem, which throttles the orifice 
through which gas passes from upstream to downstream. Thus, when the downstream 
pressure approaches or exceeds the pressure exerted by the spring, the orifice is closed, 
and further downstream pressure build-up is avoided.  

Some pressure regulators "relieve" the downstream pressure by venting gas from 
the downstream side to the atmosphere. Normally the relief orifice will be closed, and 
minimal, if any, leakage occurs. The relief orifice only opens when the main orifice has 
been closed by the spring and stem, yet downstream pressure continues to build. The 
relief orifice bleeds off this overpressure, which may be caused, for example, by thermal 
expansion in the downstream components or by the operator lowering the regulation 
pressure when there is no flow.  

Relieving regulators may be inappropriate for hydrogen systems, since they may 
result in hydrogen leakage, which both poses a hazard and reduces overall system 
efficiency. An ideal relieving regulator in an ideal system would not leak hydrogen, 
because the downstream pressure would never exceed the set point (i.e., the system 
contained no components downstream that would cause an overpressure, and thermal 
expansion was prevented by holding temperature constant), and during normal operation 
the relief orifice would be perfectly sealed. Before a relieving pressure regulator is used, 
therefore, the designer must carefully evaluate the system and the actual behaviour of the 
regulator. 

It may be simpler to simply use non-relieving regulators, which lack the relief 
orifice. Manufacturers caution that non-relieving regulators should be used only in 
constant flow applications or when there is a way of relieving the pressure downstream. It 
seems likely that a downstream fuel cell will, even when open-circuited, react hydrogen 
at a rate sufficient to limit overpressures due to, for example, thermal expansion. 
 Most pressure regulators are adjustable, that is, the regulation setpoint can be 
selected by adjusting a knob or screw. This is convenient for laboratory systems, but 
presumably a commercial system would be set to the necessary regulation setpoint and 
then never adjusted again. Regulators with a fixed regulation pressure do exist and should 
be smaller, simpler, lighter, and cheaper than adjustable pressure regulators. 



 45

Table 5 Miniature Pressure Regulator Comparison Sheet

Manufact. Model Input Pr Outlet Pr Material Mass H2 comCost Notes Web Address

(barg) (barg) (g) -pat? (FIM)

Veriflo Corp SQ Micro 10 0-2.1 ? 420 yes ? Smallest reg. AGA proposed to M. Hagström

Bellofram Type 90 Mini Air Reg 17 0-2 ? 90 ? ? Sent e-mail www.cgindustrial.com/type90.htm

Bellofram Type 90 Mini Air Reg 17 0-2 stainless stl ? ? ? Sent e-mail www.cgindustrial.com/type90.htm

Power Aire Series R-7000 10 0.03-6.8 various ? ? 180 "Automatic relief" may mean H2 leakage www.poweraire.com/regulators.htm

Power Aire Series R-800 10 0.01-6 ? ? ? 180 No response to e-mail www.poweraire.com/regulators2.htm

ARO 1/8" #127112-100 17 0-3.4 composite ? no 80 Gaugestore indicated H2 incompatible store.yahoo.com/gaugestore/18050psiaro1.html

Pneumadyne Mini Pres. Reg 2.4-10 0-8.5 ? ? no ? Pneumadyne indicated H2 incompatible www.pneumadyne.com/c-products/regulators.html

Go Regulator LG-1 Ultra-mini 245 0-1.7,3.4 aluminium 150 yes* ? *Go recommended stainless steel version www.goreg.com/lg1.htm

Go Regulator LG-1 Ultra-mini 245 0-1.7,3.4 stainless stl 350 yes ? www.goreg.com/lg1.htm

Control Air Type 800 sub-mini 17 0-2,4.1 Al, brass, SS 50 yes* 330 *Relieving www.controlair.com/800reg.htm#logo

Control Air Type 850 mini 17 0-2,4.1 Zn, Al, brass 110 yes 220 Use non-relieving option; Jyvaskyla distributor www.controlair.com/850reg.htm#logo

Generant Series "J" Junior 27 0-10 brass ? ? ? Non-relieving option available www.thomasregister.com/olc/generant/reg.htm#icv

Circle Seal ControlsPR01 207 0.7-6.1 aluminium ? ? ? Pressure range inappropriate, otherwise good www.circle-seal.com/pdf/cd527l.pdf

Marr Valve RG2N0 ? ? ? ? ? ? No e-mail address given www.specialtymfg.thomasregister.com/olc/specialtymfg/marr3.htm

DAIS-Analytic Dais-2psi ? 0.14 ? ? yes 750 Sold with DAIS stacks www.dais.net

Warsitz Model Power Lite Wt. 136 0.34 ? 280 yes 510 Sold with Warsitz stacks, may have gauge www.warsitz.com

Hoerbiger-Origa Proportional P. Reg >=10 0-10 ? ? No* ? *Electronic p. control; leakage of 1 Nl/min! www.hoerbiger-origa.com/english/air.html  
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Table 6a Regular Solenoid Valves

H2 Explsn MassPress Voltage Power Cost WWW Contact Notes

Comp Proof** g Barg VDC W FIM

Crouzet Mini Sol Valve 2 Way NC 81 546 001 ? ? 32.5 "1 to 8" 24 1 ? crouzet.com com-se@crouzet.com  

Crouzet Mini Sol Valve 2 Way NC 81 546 001 ? Intrin.Safe 35 "1 to 7" 12 0.7 ? crouzet.com com-se@crouzet.com  

Dynamco Dash 1 Valves D1A2202 Probably No 53 0-6.8 12, 24 0.6* 230 dynamco.com Peter Huff, dynamco@waymark.net;Richard Meier, richard@parameter.se 

Parker Hannifin Series 3 (2 Way NC) ? ? ? 0-6.8 12,24 2.5 ? parker.com/skinner/ gvdhelp@parker.com No response from manufacturer

Predyne M Series ? ? ? 0-6.8 5,12,24 2 ? predyne.com/ predyne@compuserve.com No response from manufacturer

Numatics Microair ? ? ? 0-6.8 12,24 1.8? ? numatics.com engineering@numatech.com No response from manufacturer

Numatech LS02 ? ? ? 0-6.8 5,6,12,24 0.65 ? numatech.com engineering@numatech.com No response from manufacturer

NResearch 2 Way NC Isolation V. HP225T01 Yes No ? 0-6.8 12, 24 6.2* 426 nresearch.com Gary Stevens, uk@nresearch.com  

KV Automation M5 Solenoid Microsol Yes Intrin.Safe ? 0-10 6, 12, etc. 0.5 and up ? kvautomation.co.uk Edward, 44 1908 561515 Manufacturer sending catalog

Berghof Miniature and Subminiature ? ? ? Too Low ? ? ? berghofusa.com Nancy Gregorio nancy@jenseninert.com 

Univer Group Micro and Nano Solenoid Valves ? ? ? ? ? ? ? univer-group.com/ ? Very small valves, manufacturer did not respond to e-mail

Lee Company Micro Inert Valves ? ? ? 0-2 5,12,24 1.5 ? theleeco.com ApplicationEngr@TheLeeCo.com No response from manufacturer

Skinner Valve K Series MicroMini 3 Way NC ? No ? 0-7.8 6,12,24 0.5 to 1.8 ? parker.com/skinner/ David Stawasz, SkinnerValve@parker.comManufacturer said inappropriate because not explosion proof

Skinner Valve Intrinsically Safe ? Intrin.Safe ? ? 24, others?~1 ? parker.com/skinner/ David Stawasz, SkinnerValve@parker.comNo response from manufacturer

SMC Pneumatic VDW10 ? No 80 0-10 12,24 2.5 ? smcpneumatics.co.uk Thomas Ingman, thomas.ingman@smc.fi 

Reetcorp Miniature 2 Way ? ? ? 0-17 ? 0.3 to 2 ? reetcorp.com Tim Winters, twinters@reetcorp.com No response from manufacturer

Table 6b Pinch Valves

Nresearch Subminiature 161P Pinch ? ? ? 2 12,24 1 198 www.nresearch.com Gary Stevens, uk@nresearch.com "Exceptionally Lightweight"

Instech Model PV256 ? ? 36 2.7 12 0/0.4*** ? www.instechlabs.com support@instechlabs.com Medical equipment, looks expensive, can switch two tubes

Bio-Chem Valve 075P 2 Way NC ? ? 60 ? 12,24 2.6 ? www.bio-chemvalve.comThomas Register Form No response from manufacturer

KV Automation M5 Solenoid Microsol Pinch ? ? ? 10 6, 12, etc.0.5 and up ? www.kvautomation.co.ukEdward, 44 1908 561515 Manufacturer sending catalog

Reetcorp Pinch Valves ? ? ? ? ? ? ? www.reetcorp.com Tim Winters, twinters@reetcorp.com No response from manufacturer

* Strike and Hold can reduce power requirements in on state by roughly 75 %; must be able to reduce applied voltage to roughly 1/3

** Intrinsically safe valves are designed such that coil current and resulting temperatures are too low to cause ignition

*** Power consumption during transition (0.3 sec); 0 W otherwise
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Unfortunately, the only fixed pressure regulator that I located was the one sold by DAIS 
Analytic for use with their fuel cell stack. This also functioned as an on-off valve. 
 The pressure regulator should be as light, small, and cheap as possible. A 
selection of miniature pressure regulators is given in Table 5. The information given for 
each regulator reflects what is available on their web-sites and their responses to my e-
mail questions. Most manufacturers were not sure whether their products would work 
with hydrogen; no manufacturer indicated that they had tested their regulator with 
hydrogen. A definite "no" may mean simply that they are not sure and do not wish to be 
liable for problems. A definite "yes" may mean that they see no reason why it should not 
work. Some suggested using stainless steel rather than aluminum; others were not 
concerned about the materials at all.  
 Prior to this search, the smallest pressure regulator we were aware of was the 
Veriflo SQ Micro, which was recommended by AGA. It weighs 420 grams. The most 
promising regulators found during this search are the Control Air Type 850/Non-
Relieving (110 grams, 220 Markkaa) and the Control Air Type 800/Relieving (50 grams, 
330 Markkaa). The are distributed in Finland by Sitek Palvelu Oy, Ahjokatu 13, 40320 
Jyväskylä (puh.: 14 682790, fax: 14 676363). 
 
 
5.3 Solenoid Valves 

 
 Some small fuel cell systems may require a remotely actuated valve, for example, 
to permit periodic purging of the stack. A solenoid valve, which contains an 
electromagnet to control the opening and closing of the valve, is typically used for this 
purpose. Just as with the pressure regulator, principal concerns are size, weight, cost, 
whether it will work with hydrogen, and safety. In addition, the power consumption of 
the valve will be a criterion. 
 It is possible for a solenoid valve to spark or warm up to the temperature that it 
causes a combustible fuel such as hydrogen to ignite. In order to avoid this, valves used 
with flammable fluids usually have an explosion-proof coil enclosure, which earns them 
the "EX" safety designation. Unfortunately, EX valves appear to be, without exception, 
heavy, bulky,  power-hungry, and expensive. I found none that would be appropriate for a 
small, low power fuel-cell system, especially a portable system. 
 This leaves three options. The first of these is to assume that the necessary 
conditions for combustion—a mixture of hydrogen and oxygen at a concentration within 
hydrogen's flammability limits plus a temperature exceeding the ignition point of 
hydrogen—will never occur, or that if they do occur, the outcome will not be too serious. 
With very limited amounts of hydrogen contained in a metal hydride, the latter 
assumption could be justified. Being able to assume this would, at least in theory, permit 
the use of valves not bearing the EX designation.  
 The second approach is to use "intrinsically safe" valves. Such valves draw so 
little current that the electromagnetic coil will not reach the ignition temperature of 
common fuels, including hydrogen. Thus, no explosion proofing is required. Intrinsically 
safe valves are often small and light; by definition they consume little power.  
 The third option is to eliminate the possibility of hydrogen leaking from the valve 
proper to the solenoid coil. This can be accomplished by using a pinch valve, in which 
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fluid flow through a flexible tube is turned off by pinching the walls of the tubing such 
that passage of fluid is obstructed. The only way that hydrogen can reach the electrical 
parts of the valve is through a leak in the tubing or elsewhere in the system; this may 
reduce the probability of ignition to a sufficiently low level. One problem with pinch 
valves is that they typically can not work with pressures much above 2 to 3 barg.  

The feasibility of these three approaches will depend in part on the law. If 
regulations dictate that EX valves must be used, then none of these approaches will be 
feasible in a commercial system. I sent a fax to AGA in an effort to clarify the law 
pertaining to valves used with hydrogen, but received no reply and did not pursue the 
matter. 

As with pressure regulators, manufacturers of solenoid valves are generally 
unsure of whether their valves will work with hydrogen, and responses in the affirmative 
or negative should not be taken as fact. No manufacturer had tested their valves with 
hydrogen. 

It is possible to find valves with very low power consumption. Most valves are 
either "normally closed", in which case they consume no power when closed, or 
"normally open", in which case they consume no power when open. When activated, the 
solenoid will draw power, typically in the range of 0.3 W to 2.5 W for miniature low 
power valves. It is often possible to reduce power consumption when holding the 
solenoid in its "on" state by reducing the voltage across the valve to 1/2 or 1/3 of the 
rated voltage. That is, to turn the solenoid on, the voltage must be at the rated level, but 
subsequently it can be reduced, diminishing power consumption by up to 75%, and the 
valve will stay activated. Of course, this will require more complex control circuitry. 

Table 6 summarizes the characteristics of a selection of miniature valves. There 
are no clear "winners", but some valves are more promising than others: the Dynamco 
valve, if hydrogen ignition is not a concern; the intrinsically safe KV Automation valve, 
if it truly does work with hydrogen gas and the price and weight are reasonable; the 
intrinsically safe Crouzet valve, if the operating pressure for the valve is not an issue and 
it works with hydrogen; the KV Automation pinch valve, especially if the operating 
pressure is as high as is reported; and the Instech pinch valve, if the cost is not 
prohibitive. This last valve is interesting because its actuator is powered by a tiny electric 
motor rather than a solenoid. It thus requires no power once the actuator has been 
positioned. It is medical equipment, however, and could be quite expensive. 
 
 
5.4 DC to DC Conversion 

 
 Since raising the nominal stack voltage requires increasing the number of cells in 
series, small stacks tend to be low voltage devices that operate at reasonably high 
currents. Often the output voltage of the stack will be considerably below the voltage 
required by the load. To match the voltage of the stack to that required by the load, a DC 
to DC conversion circuit is needed. 
 Boosting voltages from a low level, say about 4 V, is tricky, and the larger the 
ratio of output voltage to input voltage, the more difficult the conversion. In conventional 
approaches to voltage conversion, this will be reflected in lower efficiency and poor 
availability of off-the-shelf circuits and components. For example, powering a 12 V 
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portable computer with a 2.4V, 10 W, 4 cell stack is problematic; conventional circuits 
will achieve only 60 to 80% efficiency in this range. 
 One of the few companies that makes integrated circuits useful for conversion at 
such low voltages and powers is Maxim Integrated Products, Sunnyvale, CA 
(www.maxim-ic.com). From a MOSFET transistor, an inductor, a Maxim MAX608 
Low-Voltage, Step-up DC-DC Controller Chip, and some resistors and capacitors, one 
can build a circuit that converts voltages as low as 1.8V to voltages at 16.5V, with output 
power up to 10 W (though typically much lower than that). The Maxim MAX1771 and 
771 are also applicable to this task. These circuits are available as pre-assembled 
evaluation kits for US$35. 
 It is possible to efficiently convert very low voltages to reasonably high ones. 
Two different circuit topologies are discussed in [Meyer, 1997]. While these circuits are 
intended for much higher currents, they could be adapted for the power levels associated 
with a small stack. Their efficiencies are impressive: one converts an input voltage of 
0.7V to an output of 350 V with an efficiency of about 91% for input power in the range 
of 8 to 50 Watts. These types of circuits would permit a unit cell to power a laptop 
computer. 
 
 
5.5 Miniature Compressors 

 
 Most small fuel cell systems do not pressurize the air supply to the cathode due to 
the electrical power consumed by the compressor as well as the added complexity. It may 
be found, however, that a miniature compressor improves performance to the point that 
its advantages outweigh its disadvantages. In this case, a number of small, low power 
compressors/ air pumps are available: 
 
ACI Medical 
San Marcos, California, USA (www.acimedical.com) 
ACI Medical manufactures a diaphragm air pump weighing 56 grams, operating at 12V, 
consuming less than 2 Watts of power, capable of pressures of 1.2 bar and producing a 
maximum flow of 2.1 litres per minute. A similar model consumes 0.7 Watts of power, is 
capable of almost 0.3 bar, and a maximum flow rate of 0.7 litres per minute. 
 
Brailsford & Co., Inc. 
Rye, New York, USA (www.brailsfordco.com) 
Brailsford manufactures miniature diaphragm air pumps. For example, their standard 
model TD-2N draws 2 Watts at 12V and produces a maximum flow of 3 to 4 litres per 
minute.  
 
Air Dimensions Inc. 
Deerfield Beach, Florida, USA  (www.airdimensions.com) 
Their Micro Dia-Vac Pumps operate at reasonable pressures and flow rates and draw 
roughly 6 W at 12 V.  
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Fürgut Germany 
Aichstetten, Germany (www.fuergut.com) 
Fürgut manufactures miniature vacuum/pressure pumps over a wide range of voltages 
(e.g., 3 V, 4.5V, 6V, 9V, 12V, etc.) with power consumption as low as 0.3 W and mass 
ranging from 40 grams upwards. Most pumps can produce maximum pressure in the 0.3 
to 0.5 bar range and can produce maximum flow in the 0.6 to 2 litre per minute range. 
 
Another possibility may be REET Corp. (Newington, Connecticut, USA  
www.reetcorp.com). 
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