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ABSTRACT: 
PEM stacks are under evaluation as candidates for future 

space power technology. Results of long-term operation on a 
set of contemporary stacks fitted with different proton 
exchange membrane materials are given. Data on water bal
ances show effects of membrane materials on stack perfor
mance. 

INTRODUCTION: 
Proton exchange membrane (PEM) stacks are viable can

didates for electric energy generation and power storage com
ponents for space applications.(l) For example, a PEM fuel 
cell stack integrated mto an solar-driven regenerative fuel cell 
results in a efficient and potentially reliable power source for 
the Lunar Base.(2). Reactant storage size and mass necessary 
to generate power through the 14-^rth day lunar dark period 
is influenced by the efficiency of the fuel cell hardware. A 
more efficient stack results in down scaling of the reactant 
supply and tankage requirements. 

Fuel cell classes can be partitioned between those high 
temperature devices where product water production occurs 
primarily as steam and those low temperature devices where 
water is primarily in the liquid state. Low temperature fuel 
cells have distinct advantages for space power because of sim
plified operational requirements. Two contemporary, low 
temperature fuel cell designs have been used for space power 
applications. Currently, NASA deploys alkaline fuel cells, 
AFC stacks, (devices that contain an aqueous solution of KOH 
as the electrolyte) for all manned missions. Earlier, NASA 
selected a PEM stack (SPE™) for space power during the 
Gemini program.(13) 

In recent years, rapid and significant progress continues in 
fuel cell technology. At present, the voltage performance of 
both KOH and PEM H2-O2 designs is similar and impres
sively high, and both have utility in future space mis-
sions.(2,4,5) Because maintenance of the electrolyte in KOH 
hardware requires strict control of water vapor pressure and 
temperature, in general AFC designs are thought to require 
more demanding control strategies than PEM designs. 

In the microgravity of space, water management is com
plicated for either of these low temperature devices.(6) 
However, gravity on the Lunar Surface, even though it is only 
0.166 of earth, is sufficient for prompt liquid-gas separation. 
Thermal management in space is also a concem.(7,8) In cur
rent NASA practice for space platforms, waste electrochemi
cal heat is integrated into the space vehicles thermal manage
ment system, used, for example, as "cabin heat". A power sys
tem designed for the Lunar surface opens the same possibil
ity—useful thermal integration of waste heat into other parts 
of the base. However, the fuel cell system may also need to 

stand alone and reject waste heat to space through radiators. 
More efficient fuel cell operation minimizes the quantity of 
heat which needs to be rejected and the mass of the radiator 
components.(2) 

In cOTitemporary PEM and AFC stack designs, heat 
transfer fluids flow through the stack, driven by liquid pumps. 
As new requirements for power system reliability are set, the 
lifetimes of rotating components needed for the water man
agement and thermal management systems may become im
portant limiting hfetime fetors. However, at present power 
system lifetimes are not well defined. 

A detailed analysis of contemporary PEM stacks was 
completed to ascertain the utility of this fuel cell design for 
future, long term space power applications.(3) These stacks 
were produced for this study by Ballard Power Systems, 
Vancouver, B.C. as a bench-mark to explore contempwary 
design for possible long-term usage. Contemporary designs 
are not space qualified. Rather the analysis program was initi
ated to interrogate the current technology status of PEM fuel 
cell hardware and provide necessary input fw required tech
nology evolution for the next genotition of space power 
systems. In this paper, some of the results of that analysis are 
presented along with analytical models that are useful to 
predict stack performance. 

TEST PROGRAM: 
Two Ballard fuel cell stacks (Mark V) were evaluated. 

Both of these are designed for hydrogen and oxygen operation. 
One was equipped with proprietary Ballard gas diffusion elec
trodes built on Nafion® 117 electrolyte membranes and the 
second was similarly produced using an experimental 
polyperfluorosulfonic acid membrane manufactured by Dow 
Chemical Company, XUS 13204.10. The Mark V stacks 
feature 232.3 cm^ (0.25 ft̂ ) active area. The stacks tested 
have either 46 (Nafion) or 40 (Dow) single cells, using a bipo
lar design configured with graphite materials. The stacks are 
water cooled, through the use of integrated cooling hardware p 
. Cooling water also flows through the humidification section 
that forms one end of the stack. Because the humidifying and 
cooling streams are in series, water of high quality (> 10^" 
ohm/cm) is required to prevent fouling of humidification 
components. 

These long term tests were completed using commercial-
grade hydrogen and oxygen reactants. Because using these 
gases in a closed configuration would result in a buildup of 
inert gaseous impurities, for instance Ar, an oxygen impurity, 
tests were conducted using a small (<1% of the reactant flow) 
bleed flow from both the anode and cathode compartments. 
Obviously, this sort of open operation would not be feasible in 
space because reactant loss would limit long term power 



system (RFC) operation. Conversely, bleed flow will not be 
required in space because water electrolysis products contain 
very low inert impurities in the gaseous streams. 

The test apparatus used for these measurements is shown 
schematically in Figure 1. The experiment is designed to 
measure reactant flows, product flows, current and voltage, 
and to determine heat flows using this hardware. Because of 
the need for long-term unattended testing, the load consists of 
a scries of water-cooled resistors, selected for high reliability. 
Load alteration is accomplished manually. (An alternative 
load bank, not shown, is computer-controlled, when automati
cally load programming is required.) 

The reactant gases enter the test apparatus through mass 
How meters, pressurize each compartment and then flow 
through forward-pressure regulators. The vent streams flows 
are measiu^ed using mass flow meters. Both the anode and 
cathode compartments incorporate recirculation(9), moving 
the gaseous streams first through the stack, then through a 
water condenser, then through Ihe recirculation positive 
displacement pumps. Gas is continually supplied to those 
loops to compensate for the flows due to the sum of 1.) elec-
UX)chemical reactions 2.) venting and 3.) crossover. These 
tests were all completed at constant anode and cathode pres
sures of 0.298 MPa (30 psig). Cooling water enters the test 
stand, obverses an ion-exchange water purification unit and 
enters the water make up reservoir. Cooling water flows into a 
single stainless steel tube-and-shell heat exchanger in which 
the heat is exchanged to a flowing water loop. Measurement 
of both AT and mass flow rate across thisiieat exchanger 
results in evaluation of the heat exhaust, rates The reservoir 
unit also contains a heater that can provide heat during startup 
and during those operating conditions where stack heat is 
insufficient to maintain desired temperatures. The reservoir is 
set with a float switch with upper and lower limits. At the 
lower limit, the test apparatus opens a valve to add water to the 
reservoir and that flow continues until the upper limit is 
reached. Each time this water addition occurs, the data acqui
sition system records another unit of water consumption. 
Water production in the anode and cathode compartment is 
measured in a similar fashion. When one of the water 
condensers fills to activate the upper limit, a dump valve is 
activated. Water is ejected under reactant pressure until the 
lower limit switch deactivates the valve. Anode and cathode 

water production are measured by recording the number of the 
drainage cycles/hour. Repeated calibration of these water vol
umes was made using a balance to assure water flow 
measurement accuracy, although obviously the precision is of 
water balance measurements is approximately 1 discharge 
volume. This measurement error is only significant during 
short term tests that involve small water product quantities. 
Stack performance data involved assessment of mass and 
energy balances around the fuel cell stack. Details of stack 
design are proprietary information of Ballard Power Systems. 

STACK PERFORMANCE MODELS: 
Measurement of voltage performance under various load 

conditions with time is straightforward and gave, in general, 
expected results. The successful partition of chemical energy 
into electrical energy and exhaust heat routinely showed only 
very low stack internal or external leak rates. The water pro
duction rates and location serve as diagnostics for membrane 
materials used to form PEM fuel cell stacks. Electrochemical 
water production is frequently used to supply make up water, 
making this diagnostic difficult. This partition to determine 
stack water balances specifically was accomplished using this 
experimental design. 

Electrochemical water production occurs in the cathode 
compartment as the result of two processes, hydrogen oxida
tion and water generation as the result of elecb'oosmosis, 
transport of water from the anode to cathode membrane faces 
as the result of proton motion.(lO) Water transport occurs 
through motion of a hydrated proton, H(H20)n'''. This type of 
transport is frequently termed "water drag". Water also moves 
from the wet cathode to the anode through the membrane 
controlled by membrane mass transfer rates. 

The fuel cell stack model includes implicit terms for 
membrane water transport This model predicts that apprecia
ble fractions of the water can be produced in the anode 
compartment, depending upon the value selected for kg and n, 
where kg is the water mass transfer coefficient that contains 
both diffusive and convective terms, and n is stoichiometry 
factor that describes the average proton hydration number. 

Energy Balances and Water Balances from Operating Ballard Fuel Cell Stacks 

Energy Balance 
Membrane 

Type 
Nafion Stack 

Dow 
Stack 

Fuel Flow 

8532W 
(HHV) 
7395W 
(HHV) 

Reject Heat 

3581W 

3006W 

Stack Heat 
Loss 
187W 

160W 

Anode 
Heat Loss 

165W 

187W 

Cathode 
Heat Loss 

284W 

287W 

Electrical 
Energy 
4327W 

3997W 

Water Balance 
Membrane 

Type 

Nafion Stack 
Dow Stack 

Water In 
("make up") 

252 gm/hr 
345 gm/hr 

Product 
Water 

(from H2 
flow) 

1,935 gm/hr 
1,674 gm/hr 

Anode Water 
Flow 

181 gm/hr 
453 gm/hr 

Cathode 
Water Flow 

2027 «m/hr 
1633 gm/hr 



Figure 1: Fuel Cell Test Schematic: Stacks are evaluated 
using a dual-recirculating H2-O2 test experiment that allows 
full measurement of mass and energy balances. 

STACK TEST RESULTS: 
Data in the Table show typical results that define the 

energy balances and thermal balances resulting with PEM 
stacks. These data were taken during long-term testing work
ing each stack at a constant current of 125 amps. Results were 
obtained using constant anode and catho(te recirculation rates. 
The pressured recirculation loops were both vented through a 
low flow bleed valve that allowed low level impurities to 
escape. The two condensers were maintained at the test pres
sure. 

Each PEM fuel cell stack is of similar design and differ 
principally in the nature of the membrane used during cell 
fabrication. The Nafion-stack, designed as a nominal 4,000W 
device was formed using 46 cells. Because of the higher 
performance of Dow membranes, the Dow-stack was formed 
using a smaller number of single cells, 40 cells. These data 
were obtained operating the stacks at a ciurent of 125 amps 

resulting in a current density of 500 amp/ft^ (538 ma/cm^). 
Under these conditions, the average cell voltage for the 
Nafion-stack was 0.752 V and the Dow stack was 0.799 V. 
The apparent efficiency (elecuical energy/fuel energy) for the 
Nafion stack is 50.7% and that for the Dow-stack is 54.1%. 
both at 500 amp/ft^ current density (538 ma/cm^). 

These test results gave excellent agreement with the 
energy and mass balance models. For example, the chemical 
hydrogen energy partitions into heat and electrical energy, as 
shown. All listed heat loss parameters were measured. 

knowing the temperature gradients, surface areas, and flows. 
The total chemical input is measured using mass flow meters 
and integrating flow over the duration of these tests (several 
weeks). The Nafion-stack shows a energy output of 8,544W 
for a 8,532W input and the Dow-stack shows 7,637 W output 
for an input of 7,395W. These figures do not include parasitic 
energy losses that include the energy needed for water or 
gaseous reactant recirculation. 

Water balances from the stack experiments show measur
able water generation as a product from the anode compart
ment Of course, the majority of the 
water product is generated at the cathode. The total product 
water flow, anode rate plus cathode rate, is equal to water 
product generated as a result of hydrogen consumption plus 
the water that is required to makeup losses in the circulating 
water flow ("make up"). 

Models were written that assumed a simple stack reac
tant flow geometry. Reactant gas flows into the stack inlet 
manifold and then to the humidifier at the other end of the 
stack. Humidified gas (100% R.H.) leaves the humidifier and 
the flow subdivides in parallel to f ^ each of the single cells. 
Collected exhaust gas flows to the manifold and then exits the 
stack. External to the stack, gas enters a condenser where it is 
cooled to ~ 30*C, then to the recirculation pump and then joins 
reactant flow to the enu^nce manifold. Prior to the 
condensers, some two phase flow (liquid water and steam) is 
allowed. Measured water production rates are listed for the 
same, long term test conditions—^500 amp/ft^ operation. 

PEM fuel cells involve complex water management to 
assure that the membrane separator remains hydrated, a condi
tion required for rapid protonic conductivity.(l 1) Water 
motion from the anode membrane face occurs concurrently 
with the proton flux. Water production occurs primarily at the 
cathode face, and that wet zone then serves as a water source. 
Water transport occurs as the result of both diffusive and 
convective forces at a rate, kg cnfi/s. The actual spatial 
membrane water content results from the net sum of rates of 
molecular water transport cathode-to-anode and coupled 
transport ("drag") anode to cathode. In the model, all water is 
liquid phase. 

The quantity of water that is pumped from the anode to 
cathode by electroosmotic forces (die "drag" term) is known to 
be a function of membrane design (polymer structure and 
equivalent weight) and moisture content(12,13) In acidic, 
aqueous solution, rapid proton motion occurs through proton 
"hopping", the so-called Grotthus mechanism. In concepts 
that explain high proton conductivity in aqueous solution, 
rapid proton exchange between essenially stationary water 
molecules results in fast proton transport Although 
membranes have some similarities to aqueous solutions, an 
important difference occurs. Anion distributions within 
membrane volumes are not continuous, an implied require
ment in models to describe proton hopping in aqueous solu
tions. Rather, within membranes anions are thought to cluster 
to form heterogeneous regions of polymer backbone-rich 
(essentially PTFE) and sulfonic acid-rich zones. Perhaps, a 
water-shielded proton is that species tfansported through back
bone zones that accounts for both the apparent water transport 
and the proton transport, anode to cathode. 

Lower equivalent weight membranes, such as the new 
Dow materials(14), are compounds that exhibit closer anion-
anion distances. Within these materials, a lower electroos
motic drag coefficient, the value on "n" in the formal, hydrated 



proton, H(H20)n'*", might be expected. Likewise, because 
increased membrane water content results in higher membrane 
volume with no increase in the total number of anions, swollen 
membranes have anion-anion distances that are longer than 
less wet membranes. Increased membrane water content 
results in higher electro-osmotic drag rates, most likely the 
result of these geometric variations. Membrane geomeuy is 
also influenced by physical forces exerted on the membrane 
faces. These forces, clamping forces and electrostatic forces, 
the result of voltages generated there, may also alter the 
dynamics of water transport during fuel cell operation. 

Water also moves from the cathode to the anode as a 
result of diffusive and convective transport Water diffusion 
in the membrane occurs primarily in the liquid phase and 
necessarily is slower than the rate in an equivalent volume of 
liquid water, because of the large volume fraction required for 
the polymer constituents. The membrane, however, is subject 
to convective water transport forces, driven by pressure gradi
ents that exist across the membrane. In the simplest case, the 
gradient can be thought as a difference in steam pressure 
across the membrane. Because diffusion rates are necessarily 
low, convection can dominate mass transport even when only 
small quantities of water move due to convection. 

.5 1 1.5 

DRAG COEFFICIENT. HzO/H"" 

Figure 2: Water Transport Model: Calculations show the 
necessary solution space for the two stack tests, fitting the 
measured anode water production 

Existing models used to explain water balances continue 
to handle the convection-diffusion terms and the electroos
motic drag terms as separate parameters. Because of the fact 
that water transport with PEM fuel cells couples 
convcctive-diffusive terms with the drag terms, that approach 
has not proven loo successful. A more useful approach is to 
solve the model for a series of solutions that give agreement 

with experimental results and then use those numbers to 
predict membrane performance. That approach is shown here. 

Figure 2 shows this approach. At a current density of 500 
amp/ft2 (538 ma/cm^), the Nafion-stack produced anode 
water at a rate of 16.9 mg/h-cm^. This value of anode water 
production can be explained by any number of convective-
diffusion/drag terms as shown along the lower curve in the 
Figure. Assuming a drag coefficient of 1.0, requires a 
convective-diffusion rate near 5 x 10'^ cm2/s. Such a water 
transport rate might still be predominandy diffusive. The 
Dow-stack rate of 48.7 mg/h-cm^, an approximately three 
times larger water production rate than that found for the 
Nafion-stack, is not explicable using a diffusion model for 
cathode-to-anode transport. Water uansport rates that can be 
diffusion-based only can be assumed when unreasonably-low 
values of a drag coefficient are selected. The simplest expla
nation of these results is that in the lower equivalent weight 
Dow materials, appreciable fractions of membrane water 
transport results from convective forces. Alternatively, one 
can assume that protons move through Dow membrane mate
rials with no concurtent water drag, perhaps the result of more 
cotinuous anion fields in these materials.. Because of rapid 
proton exchange in these materials, of the coupled transport 
processes, and the fact that laminated elecuxKle layers may 
alter water transport parameters, separating these variables is 
difficult However, understanding the design implications of 
the data in Figure 2, especially designs required to achieve 
high current density stack operation, is straightforward. It is 
apparent that the slopes of the curves in Figure 2 are very 
useful parameters to predict PEM fuel cell performances. 

CONCLUSION: 
Extensive tests have been completed using contemporary 

Ballard fuel cell designs equipped with one of two polyperflu
orosulfonic acid membranes. Tests were done using an 
advanced, automated test stand that provides detailed data to 
complete mass and energy balances. Depending upon test 
condiions, measurable quantities of product water appear in 
the anode exhaust, although the majority is a cathode exhaust 
component 

Results show acceptable energy and mass balances and 
lead to identification of water transport dynamics at the stack 
level.(15) 

Tests were conducted for long term and to failure. The 
mechanisms of stack degradation and the effects on long-term 
reliability required for flight-qualified hardware are now under 
consideration. 
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